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SUMMARY

Integrins are heterodimeric adhesion molecules consisting of o and  subunits.
The B, subfamily consists of four members, oy 32, amP2, xB2, and apf,, the first three of
which share a common ligand, intracellular adhesion molecule (ICAM)-1. B, integrin-
ICAM-1 interactions play a major role in inflammatory and other immune responses by
regulating leukocyte adhesion and trafficking. To bind ICAM-1, 3, integrin must convert
from inactive to active form, which presumably occurs through conformational change.
The activity of 3, integrin is also regulated by divalent cations. The ligand-binding site
of B, integrin is located in the inserted (I) domain in the o subunit. Crystallographic
studies showed that the I domain exists in two distinct conformations: open and closed.

To examine the effects of the I domain conformations on ligand binding on cell
surface, we used micropipette to measure the two-dimensional (2D) kinetics of ICAM-1
reconstituted on red blood cell (RBC) interacting with the isolated oy, I domain on K562
cells, including wild type (WT) and mutant I domains locked in open or closed
conformation, as well as their regulation by divalent cations. The results showed an 8000-
fold increase in binding affinity of locked open I domain compared to that of the locked
closed I domain. As expected, Mg®*, Mn**, and Ca®* did not affect the binding of the
mutant I domains because the conformations were locked. However, after the reduction
of disulfide bond with dithiothreitol (DTT), the binding affinity of the open I domain to
ICAM-1 was drastically decreased and that of closed I domain to ICAM-1 was increase

by 2 folds, suggesting the above binding affinity difference required the presence of the



disulfide bond locking. Moreover, they became regulatable by the divalent cations. The
results suggested that the conformational change is the key for binding affinity regulation
of I domain on cell surface.

Mg*" and Mn** were only able to increase the binding affinity of WT oy I domain
by less than 2 folds, indicating their inability to convert the isolated I domain into high
affinity conformation. It has been suggested that the activation of I domain requires relay
of multiple interdomain conformational changes. To investigate the effects of other
domains on the activation of I domain and the propagation of conformational change
through the whole integrin, we measured the 2D kinetics of ICAM-1 on RBC to a3, on
K562 cells and its regulation by divalent cations. Mg®* increased the binding affinity of
WT oarf2 ~ 335 folds and to the level comparable to that of the locked open ay, I domain.
These data suggested that isolated activated I domain is sufficient for ligand binding but
the conformational changes require its interaction with other domains of the integrin.

Physiologically, multiple 3, integrins are usually expressed on the same leukocyte
simultaneously and bind their common ligand concurrently. For this reason, we also
determined the 2D kinetics of ICAM-1 for o.8;, amP2, and axP, on neutrophils, which
better mimics the physiological situations. The regulation of neutrophil [, integrins
showed different binding kinetics from K562 cell I domains and af,. Mg** only
increased the binding affinity by ~ 42 folds. Our results also indicated that a;3;, amBa,
and axf; bind to ICAM-1 independently and o 3, has the highest binding affinity.

In summary, this is the first application of micropipette technique to

measurements of 2D kinetics of the isolated 1 domains and B, integrins. This study



determined the 2D binding kinetics of isolated wild type and mutant I domain, which
provided new evidence that the conformational change could regulate the ligand-binding
affinity of I domain when it is bound to cell surface. Their regulation by divalent cations
showed that different mechanisms of effects of divalent cations on I domain. The 2D
binding kinetics of whole B, integrins at different conformational states induced by
divalent cation not only confirmed the binding potent of isolated activated I domain also
revealed the role of other domains in I domain affinity regulation. The initial
measurements of neutrophil B, integrin kinetics showed that their concurrent ICAM-1
binding is independent and the relative contributions of the three B, integrins. These
results would add 2D kinetics data to our current knowledge and most importantly
provide insights into the conformational change and function of T domain and B,

integrins.



CHAPTER I

OBJECTIVES

Receptor-mediated cell adhesion plays important roles in many cellular processes,
including proliferation, differentiation, and migration. Integrins are a major family of cell
surface receptors that mediate cell-cell and cell-matrix interactions. a3, o2, and axf3,
are members of the B, integrins that are exclusively expressed on leukocytes and share a
common ligand, intercellular adhesion molecule (ICAM)-1. Conformational changes in
the integrins, including that in the ligand-binding site containing inserted (I) domain, is a
key mechanism for affinity regulation in integrins.

The following aims were proposed to investigate the relationship between the
conformation and the binding function of isolated I domain and whole B2 integrin as well
as the regulation by divalent cations.

1. Measure the two-dimensional binding kinetics of ICAM-1 for the wild type and

mutant isolated o I domains on K562 cells and their divalent cation regulation.

The structural studies of I domains have revealed the existence of two
conformations termed open and closed respectively. Mutant o, I domains locked in either
the open or the closed conformation have been generated (Lu et al, 2001). Three-
dimensional (3D) binding kinetics measurements revealed that the open I domain has a
much higher affinity for ligand than the closed I domain (Shimaoka et al, 2001).
However, the two-dimensional (2D) binding kinetics of the cell surface bound I domains

were lacking. Using micropipette adhesion frequency assay, we measured the binding



kinetics of the mutant isolated o, I domains as well as the wild type I domain for ICAM-
1. The results provided insights into the effects of the conformational changes on the
binding affinity of the I domain on cell membrane.

Divalent cations are major regulators of integrin binding affinity by inducing
conformational changes or stabilizing conformers. We measured the 2D binding kinetics
of wild type (WT) and mutant I domains in the presence and absence of divalent cations
with or without dithiothreitol (DTT) treatment to release the locked conformation. The
experiment with or without DTT further confirmed that the dramatic difference in
binding affinities of the open and closed I domain was induced by the difference of
conformations that locked by the disulfide bonds. The divalent cation studies not only
quantified the effects of divalent cation on isolated I domains, also provided evidence for
the inability of isolated I domain to change the conformation by itself.

2. Measure the 2D binding kinetics of ICAM-1 for a3, on K562 cells and their

divalent cations regulation.

Although the I domain is where the ligand binding site resides, other domains
play important roles in conformational changes of the whole integrin and in the
conformation regulation of the I domain. Shimaoka et al. (2002) proposed that the I
domain is activated by allosteric interactions with the I-like domain. By measuring the
binding kinetics of inactive/active intact o ; on K562 cells, we elucidated the effects of
other domains on I domain conformational changes. Moreover, the binding kinetics of
isolated I domain and intact integrin were compared to demonstrate the adhesion

efficiency of the isolated I domain.



Besides the metal ion-dependent adhesion site (MIDAS) in the I domain, there are
several additional divalent cation coordination sites in the whole integrin. However, their
significance is not clear (Hynes, 2002) and the precise mechanisms of the
activation/inactivation by divalent cations are unknown. Here, we examine the effects of
Mg®*, Mn*" and Ca®* on the whole arf,. These studies could help to address the
physiological relevance of the conformations locked by disulfide bonds. The importance
of other domains in integrin was also investigated by comparing the difference of
activation by Mg”** between the WT isolated o I domain and the WT o,

3. Determine the 2D kinetics of ICAM-1 for neutrophil B, integrins at different

conformational states and whether the binding of oy 3,, amB,. and axfB; to ICAM-1 is

independent or cooperative.

Three of the neutrophil B, integrins, af2, amP2, and axpP,, bind to ICAM-1. Due
to the critical role of neutrophil 3, integrins in immune responses, extensive research has
been conducted to investigate their function and regulation ir vivo and in vitro, most of
which were population studies (Neelamegham et al., 1998; Von-Andriam et al., 1995;
Abitorabi et al., 1997). However, the quantitative 2D kinetic data for the binding between
ICAM-1 and [, integrins on single cells were not available. We measure the 2D binding
kinetic constants of ICMA-1 on red blood cell (RBC) for a.f;, amB2, and axf; on
neutrophil when they are at different conformational states induced by divalent cations,
which not only adds lacking kinetic data to present knowledge but provides comparison
for the isolated I domain and o 3; on K562 cells.

orf2, omP2, and axPz bind concurrently when a neutrophil is in contact with an

6



ICAM-1 expressing cell. It is not clear whether the three integrins cooperate with each
other or not. However, there is evidence showing that they independently bind to ICAM-
1 (Ding et al., 1999). Here, we measure the binding kinetics of ICAM-1 for individual f3,
integrin on neutrophil and fit the data to an independent concurrent binding model to test

the hypothesis of independent binding.



CHAPTER II

BACKGROUND

Cell Adhesion Molecules and 3, Integrins

C¢11 adhesion is mediated by 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. The receptors mediate adhesion by
binding their counter-receptors, or ligands, which are located either on neighboring cells
or in the extracellular matrix. Receptor-mediated cell adhesions usually involve
concurrent binding of multiple species of receptors and ligands and take place as a
dynamic process.

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 transmembrane molecules
composed of a a subunit (~120-180 KDa) and a B subunit (~90-120 KDa). So far, at
least 18 different a subunits and 8 B subunits have been described in vertebrates

(Humphries et al., 2000), forming at least 24 heterodimers (Figure 2-1).
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Figure 2-1. The integrin family of adhesion receptors (Shimaoka et al., 2002). Lines
denote the o} pairings. Those integrins contain the I domain are indicated (asterisks).

The P, integrin subfamily includes four members, which compose of four
different o subunits oy, o, ax, and ap (CDl1l1a, b, ¢ and d) noncovalently associated
with a common f; (CD18) subunit (Figure 2-1). The expression of B, integrins is
restricted to leukocytes. af, (lymphocyte function-associated antigen-1 or LFA-1) is
present on nearly all leukocytes. It mediates leukocyte adhesion to cells bearing any of
the three counter-receptors, ICAM-1, -2, and -3 (Springer, 1995). ampB2 (complement
receptor 3 or CR3, Mac-1) and axP, (CR4, p150,95) are found on monocytes,
macrophages, granulocytes, large granular lymphocytes, and a subpopulation of
immature B cells. amfB2 binds to ICAM-1, iC3b, fibrinogen, and serum factor X, and
other substances. axp, binds to iC3b, fibrinogen, and ICAM-1 (Blackford et al., 1996).
apP, preferentially binds to ICAM-3 (Danilenko et al, 1995). Cell-cell adhesions

mediated by these integrins contribute to many physiological processes of leukocytes,



such as antigen presentation, cytotoxicity and phagocytose. They also cooperate with the
selectin adhesion receptors to guide T cells into lymphatic areas and in other tissues.
They direct leukocyte migration across endothelia in inflammatory reaction in response
to insult and injury. 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 (3, integrins on the cell surface,
underscored the important biological role of these receptors in the inflammatory and

immune responses (Crowley et al., 1980).

B, Integrin Domain Structure Organization

2 integrins are transmembrane molecules. Each of their two subunits spans the
plasma membrane once and has a short cytoplasmic tail. The N-terminal half of the o
subunit’s extracellular portion contains seven tandem repeats, which are predicted to
adopt a B-propeller fold. In all four B3, integrins as well as o1, o281, o10B1, 1181, and
opf7 integrins, an additional highly conserved inserted (I) 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 B-propeller domain (Springer, 1997). The C-terminal half
of the o subunit’s extracellular portion is the stalk region. There are three $-sandwich
domains in this region, including the thigh, Calf-1, and Calf-2 domains (Figure 2-2). The
N-terminal region of 3, subunit contains a PSI (Plexin, Seaphorins, and Integrin) domain.

It also contains an evolutionarily conserved domain termed I-like domain (or BA

10



domain). This domain appears to directly bind ligand in integrins that lack I domain and
to indirectly regulate ligand binding of the I domain in 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 § subunit contains
four cysteine-rich repeats, called integrin-epidermal growth factor (I-EGF) 1-4 domains,
which are characteristic of all integrin  subunits (Goodman & Bajt, 1996), and a p-tail

(BT) domain (Figure 2-2).
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Figure 2-2. The domain arrangement of the primary structure of [, integrins (Shimaoka
et al., 2002).

Structure and Conformational Changes of the Inserted Domain

I domain is the major ligand binding site for I domain-containing integrins.
Recombinant I domain binds ligand with the same specificity as the parental integrin and
the binding is also in a same cation-dependent manner (Dickeson & Santoro, 1998). The
deletion of the I domain abolished ligand binding in the context of the intact integrin

(Leitinger & Hogg, 2000).
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The aym I domain is the first crystallized domain of integrin (Lee et al., 1995).
Since then, three more crystal and nuclear magnetic resonance (NMR) structures have
been determined for I domains from the integrin oy, (Qu & Leathy, 1995; Qu & Leathy
1996; Legge et al., 2000; Kallen et al., 1999), o, (Emsley et al., 1997, Emsley et al.,
2000), and o (Nolte et al, 1999) subunit. These studies have provided critical new
insights into I domain structure and function.

I domain assumes a dinucleotide-binding fold with a-helices surrounding a
central 3-sheet a 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 (Figure 2-3). 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
(Lee et al., 1995b).

The integrin WT oy (Lee et al., 1995), o, (Emsley et al., 2000) and oy (Qu &
Leahy 1995, 1996; Kallen et al., 1999; Legge et al., 2000) as well as mutant oy, I domains
(Shimaoka et al., 2003) 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 (Figure 2-4) (Shimaoka et al., 2001). By
comparison, no ligand-like contact in the closed structures has been determined (Figure

2-4). The structural rearrangement of the MIDAS is coupled to backbone movements of
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the loops that bear the coordinating residues. The open and closed conformations also
differ in the position of the C-terminal o7 helix (Figure 2-5). The transition from the
closed to the open structure is linked to a large 10 A downward movement of the C-
terminal o7 helix and a repacking of the hydrophobic face of the o helix (Tagaki &

Springer, 2002).

Figure 2-3. Ribbon diagram of the oy I domain (Shimaoka et al., 2002). The B-strands

(yellow), a-helices (cyan), and the N and C termini are labeled. The Mg ion coordinated
in MIDAS is shown as a green sphere.
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Figure 2-4. MIDAS structures of (A) the pseudo-liganded high-affinity I domain, (B) the
unliganded WT I domain (Shimaoka et al., 2003). 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 I domain structure
is colored orange. The MIDAS residues and Glu-272 from a lattice mate I 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 2-5. Stereo view of the alternative conformations of o | domain (Tagaki et al.,
2002). The regions of significant difference between the superimposed conformers are
shown in yellow (open) and cyan (closed). Similar backbone regions are in gray. Metal
atoms and coordinating sidechain bonds and carbon atoms are in yellow (open) and blue
(closed); oxygen atoms are red.
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There was considerable controversy about whether the different conformations
were physiologically relevant or were an crystallographic artifact (Baldwin et al., 1998;
Liddington & Bankston., 1998). To resolve this issue, it is very critical to know whether
the conformational changes seen in crystal structures alter affinity for ligand as predicted,
whether the change in affinity is substantial, and whether conformational changes in I
domains occur on cell surface in physiological circumstances (Takagi & Springer, 2002).

Recent studies provided evidence that the open and closed conformers correspond
to the high and low affinity states. The finding that one I domain, a,, crystallized in the
closed form in the absence of ligand, but in the open form in its presence, suggested that
the ligand may trigger or stabilize the high affinity state (Emsley et al., 2000). Xiong et

al. (2000) described the binding isotherms and structure of stable and homogeneous low
and high affinity forms of the o I domain. The high affinity form generated by mutation
crystallized in the open conformation and induced a high affinity state when introduced
in the amf3; receptor. Kallen et al. (1999) reported that lovastatin, a drug that stabilize the
closed conformation, inhibited the interaction of human LFA-1 with its counter-receptor
ICAM-1. Furthermore, mutations have been introduced to stabilize a particular
conformation, and tested for effect on ligand binding. Both the open and closed
conformations of the o I domain were stabilized with different mutations to investigate
the physiological significance of these conformations. Designed open I domains showed
increased binding to ligand when expressed on the cell surface in owmf, heterodimers,
whereas designed closed or wild type I domains did not (Shimaoka et al., 2000).

Similar studies were also carried out to lock ay, I domain in either open or closed
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conformation using the structure of the open aw I domain as a template (Lu et al., 2001).
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 o-helix and the preceding -strand (Figure 2-6 A). 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
and 294 for the closed conformation (Figure 2-6 B).

The mutants were tested for ligand binding to investigate the effect of
conformational change. In SPR measurements of binding to ICAM-1, the soluble locked
open o I domain showed a 9000-fold increase in affinity compared to wild type and
locked closed conformers; the affinity of locked closed I domain was similar to that of
the wild type (Shimaoka et al, 2001). Furthermore, the affinity and kinetics of the
soluble locked open I domain for ICAM-1 were comparable to those measured
independently in SPR (Labadia et al., 1998) for intact, activated o f3,. These results
demonstrated that the open and closed conformations correspond to high and low affinity
ligand binding conformations, respectively. They also suggested that the conformation
and position of the C-terminal o helix and the preceding loop is fully sufficient for

regulating the affinity of ligand binding at the MIDAS.
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Open conformation Closed conformation

C287+C294 C289+C294

Figure 2-6. Mutant oy, I domains (Shimaoka et al., 2001). (A) Stereodiagram of the open
conformation model of the oy I 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 oL I 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.
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Table 2-1. The kinetic rates and dissociation constants for [CAM-1 to the WT, open and
closed a I domains and the intact o f3,.

Immo. Ligand Analyte ke (M s k. (s™) Ky (uM)
SICAM-1 WT I domain 2950400 4.95+0.85 1670£100
sICAM-1 closed I domain 2110+400 2.84+0.27 1760+70

sICAM-1 open I domain 139000+£8000  0.0257+0.0015  0.185+0.012
open I domain sICAM-1 107000£3000  0.0275+0.0028  0.258+0.024

oLP2 sICAM-1 224000+£69000  0.0298+0.0069  0.133+0.041

Binding kinetics measured by SPR. Data are from Shimaoka et al. (2001), except for that of o f3,, which
were from Labadia ef al. (1998)

Since the structure of I domain in the context of the integrin heterodimer is not
known yet, the details of the interdomain movement that convert the I domain into the
open conformation are not understood. The high affinity ligand binding of locked open I
domain was induced by the engineered disulfide bonds that pulled the a7 helix or linker
downward (Shimaoka et al., 2003; Lu et al., 2001; Shimaoka et al., 2001; Shimaoka et
al., 2002). Cell rolling assay suggested that the wild type I domain was able to support
rolling of cells in shear flow, where force exerted on the C-terminus of the I domain
helped to stabilize it in the high affinity conformation (Salas et al., 2002). This finding
support a present most probable model for I domain activation, i.e., a downward
movement of the C-terminal o helix induced by the exertion of a bell-rope-like pull by
other domains, such as I-like domain in the  subunit (Takagi & Springer, 2002).

The results with soluble oy I domains provided insight into the effects of
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conformational change on binding affinity; however, they should be complemented by
studying on how the wild type and mutant o, I domains behave when they are bound to
cell membrane. It is important to measure the 2D kinetics of I domain ligand binding for
a complete understanding since integrins are cell surface molecule instead of soluble

molecules.

Structure and Conformational Changes of the Extracellular Portion of Integrins

Unlike selectins, 3, integrins do not constitutively recognize ligand but require
cellular activation to form stable bonds with endothelial ligands (Lum et al., 2002). The
ability of their extracellular domains to bind ligands can be dramatically increased on a
timescale of less than 1 second by signals within the cell (Shimaoka et al., 2002). This
feature is very important for normal functions of platelets and leukocytes in thrombotic
and inflammatory processes. Inactivated or resting state of the integrins allows platelets
and leukocytes to circulate in the blood stream without binding to normal blood vessel
wall. Activation of integrins on these cells enables platelets to bind to injured vessel walls
and fibrin clots immediately, and enables leukocytes to bind to vessel walls and
subsequently to migrate across the endothelium.

It has been suggested that the activation of integrins on cell surface is
accomplished by conformational changes of the extracellular domains. Electronic
microscopy studies showed that the extracellular portion of integrins contain a globular
headpiece, and two long stalk regions containing C-terminal segments from the o and 3

subunits connecting the headpiece to the transmembrane and the cytoplasmic domains
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(Du et al., 1993; Takagi et al., 2001). In 2001, the first X ray crystal structure of the
extracellular domain of an integrin was published (Xiong er al., 2001). It was a big
surprise that the crystal structure of the extracellular fragment of integrin «yf3; assumed a
bent conformation, in which the ligand-binding headpiece is folded back onto the
tailpiece of the molecule (Figure 2-7 A). It has been proposed, but not shown, that B,
integrin also adopts the bent V-shape conformation. The position of the I domain shown
in Figure 2-8 is only a model because no integrin that contains an I domain has been
crystallized yet.

It is not clear whether the bent conformation is an artifact due to the crystal lattice
contact or not. Takagi et al. (2002) observed two conformations of a3 in electron
microscopy (EM) study. In the presence of Ca?*, the integrin shows a compact V-shape
appearance with a size and shape closely matching the reported crystal structure (Figure
2-7A), which indicated that the bent integrin conformation is physiological. They also
showed that this bent conformation has low affinity for biological ligands. Addition of
Mn®" resulted in a switchblade-like opening to an extended structure that fits the standing
avPB; integrin modeled based on the crystal structure (Figure 2-7B), which 1is
accompanied by a dramatic increase in affinity for its physiologic ligand. The results
suggested that Mn”" induces breakage of the large interface between the headpiece and
tailpiece in the bent conformation, and the straightening of the bent at the genu.
Therefore, integrins on resting cell surface may essentially assume in the bent
conformation and that a conformational rearrangement is required for integrin activation

(Takagi & Springer, 2002).
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Figure 2-7. Structure of the extracellular segment of ayBs (Xiong et al., 2001). (A)
Ribbon diagram of crystallized otyPs [shown in blue (oty) and red (B3)]. (B) Model of the

extended extracellular segment of oyfs.

21



| domain

Figure 2-8. Model for extracellular segment of oy 3, at resting state (Shimaoka et al., in
press). The model for all the extracellular domains except for the I domain are based on
conformational states of owfs and oyf, defined by negatively stained electron

microscopy (Tagaki et al., 2002), crystallography (Xiong et al., 2002), NMR (Beglova et

al., 2002). The oy, I domain is a cartoon based on crystal structures (Shimaoka et al.,
2003).

Recently, the accumulated structural and functional data provide strong support
for the following integrin conformational regulation model (Takagi et al., 2002). 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 2-10). For the I domain containing integrins, an
“intrinsic ligand” o subunit residue has been proposed to bind to the activated I-like
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domain MIDAS. This binding pulls the C-terminal o helix of the I domain downward and
converts it to the activated conformer for high affinity ligand binding (Alonso et al.,
2002; Shimaoka et al., 2002) (Figure 2-10).

Both EM studies (Takagi et al, 2002) and kinetic measurements of I domains
(Shimaoka et al., 2001) 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 (Shimaoka et al., in press; Carman &
Springer, in press; Luo et al., 2003) (Figure 2-9).

Although rapid progress has been made in the past decade for understanding
structure and function of integrins, there are a lot of puzzles waiting for resolving. For
example, regarding for the above model, it is not known whether the same
conformational changes observed for I domain also take place in the I-like domain as
proposed. Most importantly, there was no direct evidence for the very complicated long-
range conformational propagation. For I domain containing integrins, the key step of
activation would be the conversion of I domain MIDAS into high affinity. It is essential

to understand the role of other domains in regulation of I domain.
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Figure 2-9. Model for global conformational states of the extracellular domain of oy 3,
(Shimaoka et al., in press). (A) Bent conformation. (B) Extended conformation with
closed headpiece. (C) Extended conformation with open headpiece.

Figure 2-10. Model of conformational changes of I-domain containing integrins that
result in activation (Takagi & Springer, 2002). Swinging away the hybrid domain (light
green) pulls the C-terminal o-helix of the I-like domain (light blue), converting the low-
affinity MIDAS (black dot) to the high affinity MIDAS (red dot). The activated I-like
domain MIDAS in turn ligates and pulls the C-terminal o-helix of the I domain (yellow),
converting the I domain MIDAS to the high-affinity conformation that is ready for
interaction with ligand.
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Intracellular Adhesion Molecule-1

ICAM-1 (CD54) is a type I transmembrane glycoprotein of 85-110 KDa
composed of five immunoglobin superfamily (IgSF) domains, a transmembrane domain,
and a short cytoplasmic tail that binds a-actin (Figure 2-11A) (Dustin et al., 1986;
Carpén et al., 1992). It is important for granulocyte extravasation, lymphocyte mediated
cytotoxicity, and the development of specific Immunological responses involving cell-
cell interactions (Jun et al. 2001). Among the five Ig-like domains (D1-5) of ICAM-1,
only the structure of domains 1-2 has been solved in X-ray crystallography (Figure 2-
11B). The single most important residue for binding is Glu-34, which has been shown to
ligate the Mg®" in the MIDAS of the I domain (Shimaoka et al., 2003) (Figure 2-11B).

Although there are differences between ICAM-1s in different species, Johnston et al.
(1990) showed that human a3, also specifically bind to mouse ICAM-1 and the cross-

species binding is unidirectional, that is, mouse a3, could not bind to human ICAM-1.
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Figure 2-11. (A) Domain arrangement of ICAM-1. (B) The structure of D1-2 of ICAM-1

and the interaction between ICAM-1 and oy 3. Glu-34 in D1 coordinate with Mg2+ (gray
ball) in MIDAS of I domain.

Receptor-Ligand Binding Kinetics

Receptor-ligand interactions are usually modeled by using a chemical kinetics
framework. For example, the following simple reversible reaction scheme between a free

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

Ky
R+L © B Equation 2-1

where k; and &, are the respective forward rate (on-rate) and reverse rate (off-rate)

constant. These kinetic rate constants are essential determinants of cell adhesion, for
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these parameters describe how rapidly cells bind and how long they remain bound
(Chesla et al., 1998). 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:

d_c[;tﬂ = kj [RI[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, Ky = k/k;

K, = [RILZ] Equation 2-3

(8]
The affinity constant is K,, K,=1/K,

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
solution. Examples are stop-flow experiments and surface plasmon resonance
experiments (Gomes & Andreu, 2002). 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 apposing surfaces.
Using quantitative fluorescent microscopy, 2D affinity of CD2 to LFA-3 was determined

by Dustin et al. (1996) using cells resting on a glass-supported lipid bilayer. Chesla et al.
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(1998) 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 IgG. This method is an extension of that of Evans (Evans et al., 1991, 1995),
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 2-12). The
measured adhesion frequency can be expressed as a function of the contact duration and

kinetic rate constants,
P =1-exp{l-m,m 4K, (1-exp(k,t)]} Equation 2-4

where m, and m, are respective densities for receptor and ligand. The effective binding
affinity (4.K,) 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 4. and K, are lumped together.

Figure 2-12. Photomicrographs of a typical adhesion test (Chesla et al., 1998) (A) Two
cells were brought into contact. (B) The unspirated portion of the RBC is shown in
spherical shape. (C) The elongation of the bound RBC indicates an adhesion event.

This model assumes that binding occurs between a single receptor species and a

single ligand species. However, various cell adhesion molecules often work together in
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physiological conditions and affect adhesion and signaling simultaneously. They also
have the potential to compete, cooperate, or cross-regulate with each other. To account
for these in vivo situations, Zhu and Williams (2000) extended the previous model of
Chesla et al. (1998) to include concurrent but independent interactions of multiple
receptor-ligand species. The effective binding affinity (4.K,;) and the reverse rate (k,;) of
the ith species were extracted from the binding frequency data by iteratively reweighted

nonlinear regression to the multi-species concurrent binding model (Equation 2-5),
P =1-exp{l- z’; m,m;A.K,(1-exp(k,t)]} Equation 2-5

where m,; and my; are the site densities of receptors and ligands for different species.
Micropipette adhesion frequency assay has been proved to be an effective and reliable
technique to measure the 2D binding kinetics of receptor-ligand interactions. Using this
system, the binding kinetics of Fcy receptor (Chesla et al., 1998), selectin (Long et al.,
2001), and T cell receptor (Jiang et al., unpublished data) for their ligand have been
characterized. It is also a useful tool to investigating biophysical and biological problems,
such as the influence of anchoring form, molecule length, and glycosylation on 2D
binding kinetics of receptors. Although this technique has been applied to study some
function of integrins (Zhao et al., 2000), it has not been used for measuring integrin
binding kinetics and for investigating the effects of conformational change and the

divalent cation regulation of integrins.
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CHAPTER III

MATERIALS AND METHODS

Cells Culture

K562 erythroleukemia cells stably transfected to express WT and mutatant o, I
domains or whole o, 3, are kind gifts of Dr. T.A. Springer, Harvard Medical School (Lu
et al., 2001; Lu & Springer, 1997). Using human WT o, I domain cDNA as a template,
the mutations to cysteines (K287S and K294S for open I domain; L289S and K294S for
closed I domain) were introduced to form conformation-specific disulfide bond. The WT
and mutant I domains were fused to the platelet-derived growth factor receptor (PDGFR)
transmembrane domain and the first five residues of the PDGFR cytoplasmic domain (Lu
et al., 2001). The cells were cultured in RPMI/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 for selection agents for I domain and oy 3, respectively. Maximum cell
densities were ~5x10°/ml.

Antibodies and Proteins

Purified mouse glycosyl phosphatidylinositol (GPI)-anchored ICAM-1 was a kind
gift of Dr. P. Selvaraj, Emory University School of Medicine. To measure site densities
of receptors and ligands in flow cytometry, mouse monoclonal antibody (mAb) DF1524
(anti-human CDI11a) (Sigma-Aldrich, St. Louis, MO), rat mAb M1/70 (anti-human

CD11b), mouse mAb 3.9 (anit-human CDllc), and rat fluorescein isothiocyanate
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(FITC)-conjugated mAb YN1/1.7.4 (anti-mouse CD54) (eBioscience, San Diego, CA)
were used. For negative controls, isotype-matched mouse and rat mAbs with no known
human antigens were used, including MOPC-141 (Sigma-Aldrich), MOPC-21/P3,
KLH/G2b-1-2 and FITC KLH/G2b-1-2 (eBioscience). Polyclonal goat anti-mouse IgG,
conjugated to FITC (Sigma-Aldrich) and affinity purified goat anti-rat IgG, conjugated to
FITC (Jackson Immunoresearch Laboratory, Inc., West Grove, PA) were used in flow
cytometry as secondary antibodies for mouse primary antibodies. Blocking antibodies
directed against ICAM-1 to oy 2, amPB2, and axP, were 38 (Ancell Corporation, Bayport,

MN ), M1/70, and 3.9 (eBioscience), respectively.

Neutrophil Purification

Neutrophils for micropipette experiments were obtained from finger prick and
that for flow cytometry was purified according to the following protocol. Approximately
5 ml of whole peripheral blood were drawn from healthy donors into sterile Vacutainers
containing EDTA. The anticoagulated blood was mixed with half its volume of 6%
Dextran 70 at room temperature and sat for 60 min. Supernant leukocyte-rich plasma was
carefully collected and centrifuged at 350 rpm for 5 min at 4°C. 25 ml 2% NaCl was
added to the pellet to lyse the red blood cells and the reaction was quenched after 20
seconds by adding 25 ml 1.6% NaCl. The mixture was centrifuged at 350 rpm for 5 min
at 4°C. The pellet was resuspended in 5Sml HBSS with 0.5% human serum albumin
(HSA) and layered over 6ml of Histopaque 1119 (Sigma) and centrifuged at 350 rpm for

30 min at 4°C. Supernant was pipeted from polymorphonuclear leukocytes (PMN) pellet
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by removing mononuclear leukocyte layer first, the RBC layer, then the HBSS/HSA
layer, and finally the Histopaque layer. PMN pellet was resuspended in HBSS/HSA and

cells were used for experiments immediately.

Isolation and Storage of RBC

RBCs were isolated from whole peripheral blood of healthy donors according to
the following procedure (Williams e al., 2001). Desired amount of whole blood was
collected by venipuncture into sterile Vacutainers containing EDTA. The blood was
mixed with equal volume of 0.85% saline and carefully layered over 3 ml of Histopaque
1119 (Sigma) and centrifuged at 700 g for 30 min at room temperature. The supernatant
was removed and the pelleted erythrocytes were washed three times in RBC storage
solution (EAS45) (Dumaswala et al. 1996). RBCs were stored in EAS45 at about 20%

hematocrit at 4°C.

Reconstitution of GPI-ICAM-1 into RBCs

Low retention siliconized 1.5 ml Eppendorf tubes (Fisher Scientific International
Inc., Hampton, NH) were coated with reconstitution buffer (PBS without magnesium and
calcium, 1 mg/ml ovalbumin) overnight at 4°C or for 2 h at room temperature. Red blood
cells were washed three times in reconstitution buffer and resuspended at 107 cells/ml.
Desired volume of RBC suspension was added to the coated tubes into which purified
mouse GPI-ICAM-1 was directly added at various concentrations. Reconstitution buffer

was added to make the total volume 150 pul. Tightly sealed tubes were placed in a 37°C
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incubator and gently rotated continuously on a rotator. After 2.5 h, RBCs were washed

three times in ice cold EAS45 RBC storage solution. Reconstituted cells were analyzed

by flow cytometry and stored at 4°C.

Flow Cytometry

Site Density Dertermination

Fluorescent staining

Staining for flow cytometry followed the standard protocol. Cells were washed in
FACS buffer (RPMI with 1% FCS, SmM EDTA, 0.02% Sodium Azide) and counted.
5x10* cells were then resuspended in 100 pl FACS buffer and placed in a 1.5 ml
Eppendorf tube. Samples were incubated on a shaker for 30 min at 4°C, with saturating
concentrations of primary antibodies (usually 10 pg/ml of purified mAb or follow the
manufacturer’s instruction). For FITC-conjugated primary antibodies, cells were washed
and analyzed immediately. For non-conjugated primary antibodies, FITC-conjugated
anti-mouse IgG secondary antibody was added at saturating concentrations and the cells
were incubated for an additional 30 min at 4°C in dark. Cells were then washed and

analyzed immediately.

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
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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. FL.1 (FITC) voltage levels were
adjusted to place the tluorescent histograms of reference blank near the origin of the log
intensity scale (Figure 3-1). After having established the calibration plot, no further
adjustments were 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 FL.1 mean channels were recorded. Generally 10,000 events per

sample were recorded.
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Figure 3-1. Fluorescent histograms of calibration beads. There are five peaks and the
reference blank peak was put in the origin of the scale.
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Data Analysis

The MESF (y-axis) vs. the RCN (relative channel number) (x-axis) for the five
fluorescent micorbeads 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.
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. Cell were replated and 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.

Micropipette System

The micropipette system was designed, built, and calibrated in house (Chesla et

al, 1998). The system consists of video-enhanced optical microscopy,
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micromanipulation, and pressure regulation subsystems (Figure 3-2). 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-
MTI) 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. 1lmm) (World
Precision Instruments, Inc.). 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 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
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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.

Micropipette Binding Frequency Assay

The micropipettes were filled with HBSS without calcium and magnesium just
before experiment. Chamber solution was HBSS without calcium and magnesium, 1%
IgG-free bovine serum albumin (BSA), and 45-55% ddH,0, mixed and sterile filtered
just prior to use. For neutrophil experiments, 2% of human plasma (filtered prior to use)
was added. For some experiments, 2 mM Mg*/2 mM EGTA (ethylene glycol-bis(2-
aminoethylether)-N, N, N’, N’- tetraacetic acid), or 2 mM Ca?*, 2 mM Mn?", and/or 10
mM DTT was added to the chamber solution. 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 pm/sec. Cells would remain in contact

for a prescribed duration and then retract. Background-subtracted images were viewed in
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real time on a monitor and stored on videotape for future analysis (Chesla et al. 1998).
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.

Data Analysis

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

P, =1-exp[-a(l-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 (4.K,) and reverse-rate (k,) were extracted from the
binding frequency data by iteratively reweighted nonlinear regression to the single-
species model (Chesla et al., 1998) (Equation 2-4) or to the multi-species concurrent
binding model (Zhu & Williams, 2000) (Equation 2-5). The forward kinetic rate can be
obtained from the relationship K,= k/k, The adhesion frequency data (P,) were fitted
along with the known predictor variables (receptor and ligand surface site densities m,

and my, contact time ¢) (Figure 3-4).
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Figure 3-4. The dependence of adhesion frequency on contact duration and site densities
of receptors and ligands. The adhesion frequency 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 (4.K,) was estimated. When adhesion
reached equilibrium, the effective affinity was estimated from the following equation,

1

m,m,

AK, =

a

In(l-P~,)" Equation 3-2

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

2D BINGDING KINETICS OF ICAM-1 FOR ISOLATED oy, I DOMAINS AND THE
REGULATION BY DIVALENT CATIONS

Introduction

Recent crystal structure studies revealed the open and closed conformations of the
I domain and the 3D binding kinetics assay showed that these two conformations
respectively correspond to high and low affinities differing by 9000 folds (Lu et al.,
2001; Shimaoka et al., 2001). However, since the SPR experimental setup requires one of
the binding partner, either the I domain or the ICAM-1 to be soluble in the medium
flowing over the surface, the obtained kinetic rates were for soluble molecules on 3D
kinetics. Although there is soluble ICAM-1 in blood stream, almost all the o 3,-mediated
functions are facilitated by binding to cell surface ICAM-1, e.g. on endothelium cells.
Therefore, it is important to know whether the conformational changes of I domain could
regulate the 2D binding affinity, which better resembles the physiological situation.
However, the conversion of 3D kinetics into 2D kinetics is an unsolved issue (Dustin et
al., 2001).

Here, we characterized the 2D binding kinetics of ICAM-1 on RBC to the WT I
domain and locked open and locked closed I domain mutants expressed on K562 cells,
using the micropipette adhesion frequency assay. The locked open I domain showed an
8000-fold increase in binding affinity compared to locked close I domain and a 3000-fold

increase compared to WT. The reverse rates of the three I domains are similar and thus
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the increase in affinity was mostly contributed by the increasing of forward rates.

I domain-mediated binding is divalent cation dependent. Divalent cations have
long been known to be universally required for ligand binding by integrins. In I domains,
the metal-coordinating residues and the residues surrounding the metal-binding site, are
important for ligand binding. Divalent cations may affect the binding by directly
participating in binding to ligand, or by other indirect regulating mechanisms. It has been
suggested that the Mg2+ or Mn?* may be needed for stabilizing the high affinity structure
of I domain (Qu & Leahy, 1996). Divalent cation binding is mediated by the conserved

DXSXS sequence, residues 131-135 in o I domain and homologous regions in other I

domains, T206 and D239 of ay and their equivalent in other I domains (Qu & Leahy,
1996).

We measured the affinity change caused by divalent cations on I domains. The
open and closed I domain locked by disulfide bonds were not regulatable by Mg®*, Mn®*
and Ca®*. For wild type I domain, the binding was upregulated by Mg”" or Mn”" by less
than 2 folds; however, Ca>" at mM concentration did not affect the binding mediated by
wild type I domain. DTT treatment, which released the disulfide bond and presumably
allowed the locked I domain to return to the WT conformation, dramatically reduced the
ICAM-1 binding of the locked open I domain and increase the binding of the locked
closed I domain slightly. Moreover, they became regulatable by divalent cations. These
data suggest that the locked conformations are required for the respective high and low

affinities, and cations alone are insufficient for high affinity interaction.
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Results

Cell sorting and site densities of I domains

The site densities of I domains and ICAM-1 were adjusted so that the adhesion
frequency fall into the mid range between 0 and 1. Moreover, the site densities were
varied to generate several curves for reliable analysis. K562 cells were sorted before each
experiment to adjust the site densities of I domains. The site densities of ICAM-1 were

also adjusted by varying the volume of purified ICAM-1 added during reconstitution.

Divalent cations requirement for I domain-ICAM-1 interaction

Initial micropipette experiments using K562 cells respectively expressing open I
domain, closed I domain, and WT I domain were carried out in HBSS- medium in the
absence or presence of 5 mM EDTA. Binding was completely abolished by EDTA for all
three I domains (Figure 4-1). Two-sided student-¢ test showed that the difference between
the adhesion when measured in HBSS- with and without EDTA was statistically
significant (P-value = 0.0002). The fact that the cells in HBSS- could still bind ICAM-1
indicated that there were trace amount of divalent cations existed in the medium even

when HBSS- was used.
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Figure 4-1. Respective adhesion frequencies of (A) WT, (B) open, and (C) closed I
domain to ICAM-1 with HBSS- in the absence or presence of EDTA. Data were
presented as mean =+ standard error of the mean (S.E.M.) of 5 pairs of cells each
contacting 100 times to estimate the adhesion frequency. The same densities of I domain
and ICAM-1 were used in the same panel, which were varied from panel to panel to
obtain mid-ranged adhesion frequency for the condition without EDTA.

Binding Kinetics of I domains to ICAM-1

Subsequent micropipette adhesion frequency assays were carried out to measure
the ICAM-1 binding kinetics of I domains. For each I domain, 2 to 4 binding curves were
generated by varying the site densities of I domains and ICAM-1 (Figure 4-2). The
kinetic rates extracted from different curves of the same species are similar (Figure 4-3,
Table 4-1). The locked open I domain showed an 8000-fold increase in binding affinity
compared to the closed [-domain and a 3000-fold increase compared to WT (Figure 4-
3A). The reverse rates (k;) of the three I domains were similar (Figure 4-3B), which

indicates that the increase in affinity is due mostly to the increases in the forward rates

(7).
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Figure 4-2. ICAM-1 binding curves for I domains. (A) WT I domain. (B) locked open I
domain. (C) locked closed I domain. Each point represents mean adhesion frequency +
S.E.M. of 3 pairs of cells with 100 contacts each. Curves indicate best-fit solutions to the
adhesion frequency binding model of Chesla et al. (1998).
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Figure 4-3. 2D kinetic rates of WT, open and closed I domains for ICAM-1 extracted
from the binding curves in Figure 4-4. Each point represents (A) the effective affinity or
(B) the reverse rate extracted from one curve. Bars represent average values.

Table 4-1. List of site densities and kinetic constants of the corresponding binding curves
of I domains in Figure 4-4.

I domain ICAM-1

- - AcKa 3 Ack gt kr !
wn?)  (m?) (um’) o (um™s™) (s
WT curvel 2450 150 1.25E-6 6.25E-7 0.50
curve2 2700 115 1.35E-6 6.75E-7 0.50
curve3 1800 150 1.32E-6 6.70E-7 0.53
Average
L SEM. 1.31(20.03) E-6  6.57(+0.16) E-6  0.51(x0.01)
Open  curvel 17 44 3.97E-3 4.37E-4 0.11
curve2 8 32 2.73E-3 1.45E-3 0.53
curve3 7 20 4.57E-3 2.79E-3 0.61
curved4 7 9 4.92E-3 1.72E-3 0.40
Average
L SEM 4.05(x0.48) E-3 1.60(x0.49) E-3 0.41(x0.11)
Closed curvel 2500 300 4.03E-7 3.87E-7 0.96
curve2 1775 115 6.12E-7 2.82E-7 0.46
Average
+SEM. 5.07(x1.04) E-7 3.35(x0.53) E-7 0.71(x0.25)
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The regulation of WT I domain by Mg”', Mn*" and Ca*'

WT I domain was regulatable by divalent cations. The binding affinity of WT I
domain was significantly (student-¢ test, P-value = 0.01) increased by Mg2+ or Mn** by ~
2 folds (Figure 4-4A; Table 4-2). However, Ca®" did not inhibit the binding of WT I

domain (student ¢ test, P-value=0.90) (Figure 4-4A; Table 4-2).

The lack of regulation of the locked open/closed I domains by Mg?*, Mn*" and Ca®"

The binding affinities of locked I domains measured in HBSS- with or without
Mg /EGTA, Mn**, or Ca®" were measured. To ensure the equivalent I domain site
density, the same population of K562 cell after sorting were used for the experiments
with different treatments. RBC was also from the same batch of preparation. The addition
of divalent cations did not affect the binding of the locked I domains (Figure 4-7B, C,
Table 4-1). Two-sided ¢ test showed that there is no statistically significant difference
between the binding affinities of locked I domains measured in HBSS- and Mg*" (P-
value = 0.73), between HBSS- and Mn”" (P-value = 0.74), and between HBSS- and Ca**

(P-value = 0.90).
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Figure 4-4. Changes in steady state adhesion frequency of (A) WT I domain, (B) open I
domain, and (C) closed I domain to ICAM-1 when treated with the indicated agents. Data
were presented as mean £ S.E.M. of 5 pairs of cells each contacting 100 times to estimate
the adhesion frequency. The same [ domain and ICAM-1 densities were used in the same
panel but were different in different panels to obtain mid-range adhesion frequencies. The
contact duration was set to be 10 seconds, which should yield steady state adhesion
frequency based on the binding curve data shown in Figure 4-2.
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Table 4-2. Effective affinities of the WT and locked I domains when treated with
indicated agents. Equation 3-2 was used to estimate effective affinities from the adhesion
frequency data in Figure. 4-7.

AK, (um*)
Idomain ICAM-1  HBSS- Mn*" Mg /EGTA  Ca”

(km’?) (pm™)
WT 1.35E-6 2.42E-6 2.27E-6 1.27E-6
2750 200 +0.09E-6  +0.19E-6 +0.18E-6  +0.11E-6
Onen 3.11E-3 2.82E-3 3.31E-3 3.07E-3
p 7 20 +0.36E-3  +0.49E-3 +0.27E-3  +0.38E-3
Closed 5.81E-7 5.26E-7 6.17E-7 5.74E-7
2500 300 +0.68E-7  +0.92E-7 +0.42E-7  +0.70E-7

The reduction of disulfide bonds released the mutant I domains locked in the open and
closed conformation into wild type conformation

To ensure that the difference in binding affinities requires the presence of the
disulfide bonds, cells were treated with DTT prior to and during the micropipette
experiments. DTT did not affect the binding of WT I domains (Figure 4-7A). However,
it reduced the binding of the open I domain to background level (Figure 4-7B). Although
not statistically significant (student-t test, P-value = 0.29), DTT treatment slightly
increased the affinity of the locked closed I domain (Figure 4-7C). After the reduction
of disulfide bonds, locked open and closed I domains became upregulatable by Mg** and
Mn?*", which significantly increased the binding of the reduced open and closed I domains
(student-¢ test, P-value = 0.01 for both reduced open and closed I domains) (Figure 4-

7B,C).
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Discussion

Using micropipette adhesion frequency assay, we measured the 2D binding
kinetics of the isolated wild type and mutant I domains to ICAM-1. This interaction
requires divalent cation, as EDTA completely abolished the binding. The affinity of the
locked open I domain showed an 8000-fold increase relative to the locked closed I
domain. The affinity of WT I domain was only ~ 2 fold higher than the locked closed I
domain for ICAM-1.

In contrast to SPR measurements, which determine the 3D kinetics, the
micropipette assay estimates the binding kinetics of cell surface bound molecules. The
8000-fold increase seen in our experiment is in good agreement with the 9000-fold
increase obtained from the SPR experiment. This indicated that the conformational
changes substantially altered the ligand binding affinity of the I domains on cell
membrane to the same extent as that in the 3D situation. Both SPR and our micropipette
data suggested that the dramatic difference in binding affinity is mainly due to the
forward rate (Shimaoka et al.,, 2001). This is consistent with the notion that
conformational change is the rate-limiting step for binding of the wild type I domain.
However, our data showed only ~ 2 folds difference between the reverse rates of the
locked open and locked closed I domains, whereas 3D data showed a 100-fold difference
(shimaoka et al., 2001). There has not been a definite explanation for this discrepancy;
however, the difference in the way the proteins were presented (soluble vs. cell
membrane bound) and the difference in the experimental system (SPR vs. micropipette)

could contribute to this discrepancy.
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The increased affinity of the locked open I domain relative to the locked closed I
domain required the presence of disulfide bonds, because the reduction of disulfide bond
by DTT substantially reduced the ligand binding activity of the open I domain. Since we
used low densities of open I domain and ICAM-1 to achieve mid range binding, the
adhesion frequency after DTT treatment was reduced to background level, preventing us
from estimating the binding affinity. However, other studies showed that the affinity of
the DTT treated open I domain was comparable to that of the wild type and locked closed
I domain (Shimaoka et al., 2001; Lu et al., 2001). This finding plus the fact that the
binding kinetics of wild type and locked closed I domain are comparable, indicating that
on rest cells, wild type I domain exists in the low affinity (closed) conformational state,
which is strongly favored by its lower energy (Lu et al., 2001; Shimaoka et al., 2000).

Not only do the kinetic measurements of the isolated I domains reveal the
importance of the conformational change in I domain affinity regulation but they also
provided evidence for an I domain activation pathway. Since the position of the
introduced disulfide bond is far away from the ligand-binding site, the only way it could
affect the affinity would be allosteric regulation by restraining the conformation and
position of the B6-a7 loop and the a7 helix (Shimaoka et al., 2002). Our results clearly
demonstrated that the reposition and reshape of this helix and the preceding loop could
affect the conformations of the binding site, MIDAS. Thus, in intact integrins, a
downward pulling on the C-terminal a-helix of the I domain exerted by neighboring
domains could be sufficient to open the ligand binding site.

As an important player in integrin regulation, divalent cation also affects the
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binding of the isolated I domains. The coordination of Mg®* or Mn?" has dramatic effects
on the shape and electrostatic properties of the MIDAS (Qu & Leahy et al., 1995). We
observed that Mg2+ and Mn®" increased the binding of WT I domain to ICAM-1 by 2
folds. Since Mg** or Mn®" participates in the ligand binding by coordinating the residues
in correct position, the observed ICAM-1 binding is proportional to the fraction of the I
domain bound with Mg2+ or Mn** (Labadia et al., 1998). Thus, higher concentration of
Mg or Mn*" increases the binding affinity of WT I domain by increasing the fraction of
the I domain bound with Mg®* or Mn**. However, since the conformation of mutated I
domains were locked and thus unable to undergo the conformational change, their
binding was not changed by Mg®* or Mn*".

High concentration of Ca®" is known to be inhibitory against many integrins
containing an I domain. However, our data showed that Ca®* at mM concentration did not
inhibit the binding of WT I domain to ICAM-1. This is consistent with previous studies
showing that the binding of isolated o, (Oxvig et al.,, 1999) and oy, I domains (Shimaoka
et al., 2002) to their ligands was not inhibited by Ca®". It appears that the Ser and Thr
side chains in the MIDAS strongly disfavor Ca®* coordination (Shimaoka ef al., 2002). A
study of divalent cation binding to the recombinant I domain exploited Tb>*, a fluorescent
probe of protein divalent cation-binding sites, to examine the relative affinities of the I
domains for divalent cations. It has been demonstrated that Ca®" did not compete with
Tb*>* for binding and the I domain divalent cation binding site prefers Mg** and Mn**

(Dickeson & Santoro, 1998). However, Griggs et al. (1998) suggested that o I domain

contains a Ca’* binding site and Ca®* antagonism of o, mediated cell adhesion may be
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a consequence of Ca’" binding activity of the I domain. Therefore, further studies may be

necessary to investigate the effects of Ca®" to the isolated I domain and whole integrin.
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CHAPTER V

2D BINDING KINETICS OF ICAM-1 FOR o 3; AT DIFFERENT
CONFORMATIONAL STATES AND THEIR REGULATION BY DIVALENT
CATIONS

Introduction

The I domain locked in open conformation showed a dramatic increase in binding
affinity either in soluble or cell membrane bound form. However, it is not known whether
the locked open I domain assumes the conformation of physiological high affinity I
domain and whether it is sufficient for ligand binding. Both our and other’s data showed
that the binding of the isolated wild type oy I domain on K562 cells to immobilized
ICAM-1 is only detected when the I domain and ICAM-1 were at high site densities
(Chapter IV; Knorr & Dustin, 1997). Furthermore, Mg** or Mn** only increased the
affinity of WT I domain by ~ 2 fold (Chapter IV). Therefore, it appears that the isolated I
domain alone might not be sufficient to mediate strong and stable interaction with ligand.
If the bell-rope-like pull model for I domain activation is correct, it is expected that other
domains contact with I domain exert this pulling down.

To address the above issues, we measured the binding kinetics of wild type intact
aB2 on K562 cell to ICAM-1 on RBC and compared the kinetic rates with those of the
K562 cell isolated ap I domain. The a3, was either activated by MgZJr or Mn2+, or
inactivated by Ca>" or without metal ion treatment (HBSS-). The binding affinity of intact

o B2 in HBSS- was 5 folds higher than that of the wild type I domain. Treatment with
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Mg?* (or Mn*") increased the binding affinity increased ~335 (or 1140) folds, resulting a
value comparable to that of the locked open I domain. Ca®>* treatment decreased the
binding affinity by 2 folds. Thus, the range of affinity regulation by divalent cations for
whole a3, approached that of the affinity difference between the isolated locked open
and closed I domains. Our data suggest that the isolated open I domain alone is sufficient
for ligand binding and the I domain in intact integrin could be activated by the downward
pull by other domain, such as I-like domain.
Results

Divalent cation requirement for the binding of intact oy 3,

Similar to the isolated I domain, the binding of intact o f,to ICAM-I1 also
required on divalent cations. The cells were washed with HBSS containing EDTA prior

to experiment and the adhesion was reduced to the background level (Figure 5-1).

0.3
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Adhesion Frequency
o

. .

HBSS- HBSS-/EDTA

Figure 5-1. Adhesion frequency of wild type o3, measured in HBSS- with or without
EDTA. Data were presented as mean + S.E.M. of 5 pairs of cells each contacting 100

times to estimate the adhesion frequency.
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Figure 5-2. ICAM-1 binding curves for WT o, measured in HBSS- Each point
represents mean adhesion frequency + S.E.M. of 3 pairs of cells with 100 contacts each.
Curves indicate best-fit solutions to the adhesion frequency binding model of Chesla et

al. (1998).

Binding kinetics of intact a3, on K562 cells

The site densities of o f; and ICAM-1 were adjusted to obtain mid-ranged
adhesion frequencies. The kinetic rates of intact oyf,-ICAM-1 interactions were
extracted from the binding curves (Figure 5-2). Table 5-1 summarizes the effective

affinities and reverse rates of wild type o B, measured in HBSS with Mg**/EGTA.
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Table 5-1. The kinetics rates of wild type a3, measured in indicated agents.

oBy (um?)  ICAM-1(um?) AK, (um*) ke (s7)
HBSS- 732 53 6.18(£0.02) E-6 2.07+0.66
Mg* /EGTA 21 14 2.07(x£0.07) E-3 0.53+0.19
Mn?* 21 14 7.04(£1.22) E-3 -
Ca** 732 53 3.30( 0.64) E-6 -

The regulation of WT oy 3, by Mg*, Mn*" and Ca**

Binding affinity of Mg®" activated o P, was ~ 335 folds higher than that
measured in HBSS- only (Figure 5-3; Table 5-1) and it was comparable to that of the
locked open I domain (Figure 5-6). The difference in the reverse rates was ~ 4 folds. To
further investigate the effects of divalent cations on of3; binding, the steady-state
adhesion frequencies of B, with Mn>* and Ca®" were measured at a constant contact
time of 10 seconds and the binding affinities were estimated from Equation 3-2 (Table 5-
1). The adhesion frequencies of wild type oy 3, with HBSS-, or with Ca®" are shown in
Figure 5-4. Ca*" decreased the binding affinity by ~ 2 folds. When using high site
densities of o f; and ICAM-1, Mg®" and Mn*" increased the adhesion frequency into 1
and it is impossible to estimate any kinetics rate; therefore, cells with low site densities of
o2 and ICAM-1 were used for those experiments. The adhesion frequencies are shown
in Figure 5-5 and the binding affinities estimated are listed in Table 5-1. Known as a
strong activator for integrin, Mn®" increased the binding affinity of o, by 3 folds more
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than Mg?*, which means that Mn** is more potent for activating whole integrin than

Mg™.
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Figure 5-3. ICAM-1 binding curves for WT a;B, measured in Mg>'. Each point
represents mean adhesion frequency = S.E.M. of 3 pairs of cells with 100 contacts each.
Curves indicate best-fit solutions to the adhesion frequency binding model of Chesla et

al. (1998).
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Figure 5-4. Adhesion frequency of wild type ouB, with or without Ca**. Data were
presented as mean + S.E.M. of 5 pairs of cells each contacting 100 times to estimate the
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Figure 5-5. Adhesion frequency of wild type oy, with Mg*/EGTA and with Mn**. Data
were presented as mean + S.E.M. of 5 pairs of cells each contacting 100 times to estimate
the adhesion frequency.
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Figure 5-6. Comparison of the effective affinities of isolated I domains and intact o f3,.
The isolated I domains were measured in HBSS- and o 3, was measured in HBSS- with
or without the indicated agents. The binding affinities are presented as mean = S.E.M.

Discussion

The binding affinity of WT o, was 5 folds higher than that of the WT isolated I
domain when measured in HBSS-. Previous work using a GPI-anchored, isolated
wildtype o I domain has also shown that ligand binding by the isolated I domain is
much weaker than that by the intact integrin (Knorr & Dustin, 1997). Without other
stimulations, wild type I domain as well as wild type intact integrin are likely to be in
inactive state with low binding affinity (Shimaoka et al., 2001; Lu et al, 2001).
Physiologically, it has been suggested that integrins assume multiple conformational
states that coexist in equilibrium rather than being locked in a single conformation (Luo

et al., 2003). Both signaling inside the cell and ligand binding will affect the equilibrium.
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Therefore, there are always integrins existing in either high or intermediate affinity state
and ready for ligand binding. Since the cells were supplied with divalent cations during
culture, there was trace amount of Mg®* that were already bound to the integrins even
though HBSS- was used as chamber medium. After the cells were washed with HBSS
containing EDTA before experiment, the ICAM-1 binding of intact a3, was reduced to
background level (Figure 5-1). It is expected that the Mg** would favor the
conformational change of some a3, integrins into active state. The ligand binding could
further induce outside-in signaling and activate other integrins (Hynes 2002; Shimaoka et
al., in press). However, for the isolated I domain, the conformational change induced by

ligand binding is unlike to be propagated into cell through a PDGFR transmembrane

domain.

The I domain deleted oy, showed no recognition of ligands, confirming the
essential role of the I domain in ligand binding (Leitinger & Hogg, 2000). Both SPR
measurements (Shimaoka et al., 2001; Labadia e al. 1998) and our data showed that the
binding kinetics of locked open I domain and the active a3, are comparable. It indicated
that the locked open I domain alone is sufficient for ligand binding on cell surface and
that the locked open conformation of I domain corresponds to the physiologically open
conformation in active integrins. The conformational change in I domain might be the
final and most important step for regulating binding affinity of whole integrin, since the
affinity of Mg®" activated o p, was even slightly lower than that of the locked open I
domain.

Mg®* and Mn®" activated both the WT o, and the isolated WT I domain. Mg**
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increased the binding affinity of a2 by > 300 folds; while only increased the affinity of
I domain by < 2 folds. Mn>* had higher efficacy for activating o, but has the same
effect on I domain as Mg**. These further confirms the importance of other domains in
regulating the activity of the I domain. The activation may occur by downward pull of the
C-terminal of the [ domain as is proposed by Carman & Springer (in press). It is not clear
how Mg”" affect the conformation of whole integrin regarding to the switchblade-like
global conformational change. However, there are at least two coordinating sites for
Mg?*, the MIDAS in I domain and in I-like domain (Shimaoka et al., 2003; Kamata et
al., 2002; Takagi et al., 2002). It is suggested that Mg®" does not induce inside-out
signaling (Arroyo et al., 1992; Leitinger et al., 2000), and thus Mg2+ activates integrin by
outside-in signaling through regulating the conformation of I domain or I-like domain.
Therefore, our data suggested that the propagation of ligand binding induced
conformational change as well as the activation of integrins through this signaling is also
dependent on the interdomain movement. For many integrins, ligand recognition is
augmented by the presence of Mn®". However, the basis of this phenomenon is poorly
understood. Our data showed that Mn®" further increased the binding affinity of
oL, compared to Mg®*. This may due to the global conformational change of the
integrin, because Mn>" is known to stabilize an extended intermediate affinity
conformation of integrin (Shimaoka et al., in press). However, it is not clear whether
Mg*" also be able to induce this extended conformation of integrin, so the difference
between the effects of Mg®" and Mn?" to integrin binding may be caused by other factors,

such as inside-out signaling.
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CHAPTER VI

2D BINDING KINETICS OF ICAM-1 FOR THREE NEUTROPHIL 3; INTEGRINS

Introduction

The erythroleukemia cell line K562 transfected to express I domains and intact
orf3; represent a simple and relevant model for the aims of this study. To test the results
obtained with the K562 cells in a more complicated and perhaps more physiological
system, we performed micropipette experiments using human neutrophils. Neutrophils
are the most abundant type of leukocytes in humans that constitutively express at least
three ICAM-1-binding 3, integrins, o 32, omB2, and axP,. The attachment of neutrophils
to the vascular endothelium and their passage to sites of inflammation involves a
sequence of events including neutrophil tethering, rolling, and firm adhesion (Laurence &
Springer, 1991). The firm adhesion is dependent on members of the B, integrins after
activation by intracellular signaling. While many details of the [, integrin-mediated
adhesions continue to emerge, direct measurements of 2D binding kinetic rates and the
regulation by divalent cations have not been reported. Knowledge of the kinetics of
neutrophil B, integrin under different conformation states induced by divalent cations will
help us better understand their role in immune and inflammation responses. It may also
provide new insights into the physiologically relevance of the proposed model for 3,
integrin activation.

The 2D binding kinetics of ICAM-1 for oy, oampB2, and oxf,, were measured
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using micropipette frequency assay in the presence or absence of Mg”>*/EGTA and/or
Ca®’. Kinetics rates were extracted from the measured binding curves. Mg”" increased the
binding affinity of B, integrins to ICAM-1 by 42 folds; while Ca®" decreased the affinity
by 2 folds.

Since ap,, amP2, and axP, share overlapping specificity for ICAM-1, they all
contribute to the measured adhesion frequency. To determine the relative contributions of
o B2, amPBa, and axPs to the binding kinetics of neutrophil adhesion and whether there is
cooperation between the three integrins, blocking mAbs against individual 3, integrins
were used separately and in combination during the micropipette experiment. Blocking
two of the o subunits allowed to us measure the binding of ICAM-1 to an individual
integrin; whereas the unblocked data represented concurrent binding of al three B,
integrins. The kinetic rates and affinities were separately estimated from the single-
species data and multiple-species data. The data indicate that the three B, integrins bind
ICAM-1 independently rather than cooperatively. o, has the highest affinity for [CAM-

1 while ax[3; only contribute to binding when activated.

63



Results

Site densities of o, oM, and ax subunits

The site densities of o, o, and ax subunits were measured by flow cytometry in
the presence of HBSS-, Mg”/EGTA or Ca®*. It is evident from the fluorescent
histograms (Figure 6-1) that the expression of o, o, and ok subunits on cell surface did
not change when cells were treated with Mg2+/2mM EGTA, or Ca®" and were stable over
the period of study. The same conditions were as used for micropipette experiments. The
site densities of the three o subunits were calculated (Table 6-1). oy has a slightly higher

site density than o and ok,
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Figure 6-1. Fluorescent histogram of neutrophils. Neutrophils were stained for flow
cytometry using (A) mouse anti-human CD11a mouse mAb (DF1524), (B) rat anti-
human CD11b (M1/70), or (C) mouse anti-human CDllc (3.9). Isotype matched
irrelevant mouse mAb [MOPC-141 for (A) and MOPC-21/P3 for (C)] or rat mAb
[KLH/G2b-1-2 for (B)] were used for the background staining (solid peaks). The
secondary antibodies were FITC-conjugated goat anti-mouse (or anti-rat) IgG.
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Table 6-1. Site densities of oy, ouv, and ax subunits on neutrophil. Data were presented
as mean £ S.E.M. of the site densities on neutrophil of three donors.

Site density (sites/ umz)

HBSS- Mg" /EGTA Ca™
al 42 (+6) 48 (£7) 47 (£5)
oM 32 (£5) 34 (£8) 31 (x4)
aX 22 (£2) 20 (£3) 24 (£1)

Binding of ICAM-1 to oy 3;, amPB2, and axf3, at different conformational states

The overall binding kinetics of ICAM-1 for neutrophil integrins was measured in
HBSS- with or without Mg>*/EGTA and/or Ca**. Under these conditions, aip2, omBa,
and axf, were treated as a surrogate single species. By fitting the single-species model
(Equation 2-4) to the data, we extracted the weighted sum of effective affinities and the
reverse rates, or apparent effective affinities and apparent reverse rates. The apparent
effective affinity of Mg®" treated neutrophil was ~40 folds higher than that treated with
Ca®" (Table 6-2). The apparent reverse rates of HBSS- and Mg”" treated neutrophils were

similar, which was about half of the Ca®* treated neutrophils.
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Table 6-2. Summary of apparent kinetic rates of ICAM-1 for neutrophil B, integrins.

AK," (um®) k(s

HBSS- 1.94(20.57) E-5 0.27(£0.03)

Mg*' /EGTA 3.11(x0.19) E-4 0.36(=0.07)

Ca®* 7.44(x0.01) E-6 0.85(0.05)

3
. 3 . i=1 mriKaikri
AcKa = Ac Zi:l r,'Km' ( rFmri/(mrl+ M+ mrl)’ i=17273); kr = ———_—3—'—
i=1 mrl'Kai

Independent binding of oy 35, amfB2, and axf,

Using blocking antibodies, binding of individual B, integrins to ICAM-1 was
assessed. In the presence of Mg”/EGTA, three P, integrins had different binding kinetics
to ICAM-1 (Figure 6-3). The kinetic rates and effective affinities were separately
estimated from the single-species data (where two out of three o subunits were blocked)
and multiple-species data (where all three 3, integrins could bind concurrently). For the
multiple-species data estimation, concurrent binding model (Equation 2-5) was used. In
this case, I=3. Using the concurrent binding model involves the simultaneous

determination of six parameters. Estimated kinetics rates are listed in Table 6-3.
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Figure 6-2. Binding curves of ICAM-1 interacting with oy f,, amB., or axf, individually
or concurrently in the presence of Mg>*/EGTA. Each point represents mean adhesion
frequency + S.E.M. of 3 pairs of cells with 100 contacts each. Curves indicate best-fit
solutions of the adhesion frequency binding model of Chesla et al. (1998) to the blocked
data or of the concurrent binding model of Zhu & Williams (2000) to the unblocked data.

Table 6-3. The kinetic parameters extracted from two models for three neutrophil §,
integrins measured in the presence of Mg**/EGTA.

Single-species Model Concurrent Model
AcKa (um’) kr (s AcKa (um”) k (s
or.p2 1.23(x0.12) E-4  0.25(x0.04)  1.23(x0.22)E-4  0.29(0.05)
o> 4.17(x0.56) E-5  0.30(x0.08)  4.64(x0.60) E-5  0.36(x0.08)
axPe

1.49(+0.37) E-5 0.25(+0.13) 1.68(+0.05) E-5 0.27(+0.06)
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Discussion

The binding kinetics of three neutrophil 3, integrins to ICAM-1 was measured.
By fitting the single-species model to the unblocked data, the effective binding affinity
returned parameters are the weighted sum of effective affinity and reverse rate for [CAM-
1. Neutrophil B, integrins showed quite different 2D kinetics and regulation from the
isolated o, I domains and intact o f3; on K562 cells. The apparent binding affinities of B,
integrins on resting neutrophils, i.e. measured in HBSS- or Ca®*, were 2 folds higher than
respective values of K562 cell o, measured in HBSS- or Ca**. Treated with Mg”*
resulted in a 335-fold increase in binding affinity of K562 WT o, for ICAM-1. By
contrast, Mg*" was only able to increase the apparent effective affinity of neutrophil 3,
integrins by 42 folds and the binding affinity was an order of magnitude lower than that
of the activated oy, and locked open I domain. Therefore, the binding of inactive
neutrophil B, integrins with or without Ca®* were higher than inactive a.f, and
o I domain on K562 cell; whereas those of the active neutrophil 3, integrin (treated with
Mg2+) were lower than the K562 o 3;. One possible explanation is that the cellular
environment of neutrophil and K562 cells are different. They have different cell size, cell
membrane topology, cell surface molecules, and intracellular signaling system. For
example, P, integrins are generally excluded from microvilli in most leukocytes
(Williams et al., 2001); while a recent study showed that about 30% of LFA-1 is located
on microvilli in transfected K562 cells (Abitorabi et al., 1997). It is reported that cellular
environment may alter the kinetics of bond formation under flow (Von-Andrian et al.,

1995; Abitorabi et al., 1997). Moreover, divalent cations may not have the same effects

69



to the three neutrophil (B, integrins. For example, Ca®" has been shown to inhibit B,
but not amf32, mediated adhesion to ligands (Dransfield et al., 1992; Jackson et al., 1994).

By using blocking antibodies, we also measured the binding kinetics of individual
B, integrins in the presence of Mg>*/EGTA. It is demonstrated that at low shear, o B, and
ampP2 contribute equally to neutrophil adhesion initially, but their relative contributions
differ markedly over the time course of chemotactic stimulation (Neelamegham et al,
1998). The micropipette experiments were done in condition without chemotactic
stimulation and the data showed that o3, has the highest binding affinity, which is
consistent with previous result showing that oy 3; has a more dominant role than af3; in
neutrophil adhesion (Ding et al., 1999). Our data also suggested that the three 3, integrins
bind to ICAM-1 independently without positive or negative cooperation. That is, the
binding of one integrin does not affect the binding of another to ICAM-1. Our result is
valid when there is no depletion of ligand and thus integrins do not compete for ligand.
Because the adhesion frequency binding model assumed that the number of bonds having
nonvanishing probabilities is much smaller than both the numbers of receptors and
ligands in the contact area available for binding; therefore, the formation of a small

number of bonds will not significantly deplete the free receptors and ligands.
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CHAPTER VII

DISCUSSION AND FUTURE RECOMMENDATIONS

Summary

We measured and compared the 2D binding kinetics of mouse ICAM-1 for the
human WT and mutant isolated o I domains and WT whole o 3, on K562 cells as well
as for three B3, integrins on human neutrophils. The regulations of the binding kinetics by
divalent cations were also investigated.

Our results clearly show that the conformational change in I domain is very
important for regulating ligand binding affinity of B, integrins. The binding affinity of
locked open I domain is ~8000-fold higher than that of the closed I domain (Table 7-1).

By comparison, the 2D reverse-rates of the I domains were similar (Table 7-1).

Table 7-1. Summary of 2D binding kinetics of ICAM-1 for K562 isolated I domains

AK, (um*) Acky (pm’s™) ke (™)
WT 1.31(x0.03) E-6 6.57(£0.16) E-6 0.51(0.01)
Open 4.05(0.48) E-3 1.60(£0.49) E-3 0.41(x0.11)
Closed 5.07(x1.04) E-7 3.35(x0.53) E-7 0.71(x0.25)

Locked I domains were not regulatable by divalent cations, but the affinity of WT
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1 domain was increased slightly (< 2 folds) by Mg®* and Mn®". The differences in binding
affinity of the 1 domains and the lack of divalent cation regulation of the locked I
domains were due to the disulfide bonds, as the reduction of disulfide bonds by DTT
dramatically decreased the binding affinity of the locked open 1 domain and slightly
increased the affinity of the closed I domain. Moreover, the locked I domains became
regulatable by divalent cations after DTT treatment.

The conformational change in 1 domain requires the presence of other domains of
the o f, integrin. Mg®* and Mn®>* only increased the affinity of WT I domain by < 2
folds; however, they increased the affinity of WT whole a3, drastically to the level

comparable to that of the locked open I domain (Table 7-2).

Table 7-2. Comparison of 2D binding affinities of isolated I domains and whole a3, on
K562 measured in different conditions.

AcK, (um*)
WT I domain HBSS- 1.35(x0.09) E-6
WT I domain Mg*/EGTA 2.27(£0.18) E-6
WT I domain Mn** 2.42(x0.19) E-6
Open I domain HBSS- 3.11(=0.36) E-3
WT a.f, HBSS- 6.18(£0.02) E-6
WT o, Mg /EGTA 2.07(£0.07) E-3
WT o fr Mn* 7.04(x1.22) E-3
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We also measured the 2D binding kinetics of ICAM-1 for a2, amB2, and axf3,
on human neutrophils. Without blocking, Mg** increased the apparent effective binding
affinity of ICAM-1 for the three B3, integrins by ~ 40 folds and this apparent effective
affinity is 10 folds lower compared to the locked open I domain and activated whole
oB2 on K562 cells (Table 7-3). When activated by Mg2+, oy B2, amBa, and axf, bind to

ICAM-1 independently and o 3; has the highest binding affinity (Table 7-3).

Table 7-3. Summary of 2D binding kinetics of ICAM-1 for the three B3, integrins on
neutrophils.

AK, (um®) k(s
Three B, integrins HBSS- 1.95(+0.29) E-5 0.27(0.05)
Three B, integrins Mg>*/EGTA 3.11(x0.57) E-4 0.36(£0.08)
Three B, integrins Ca* 7.44(+0.49) E-6 0.85(+0.38)

AK, (pm®) ke (s
o B2 Mg*/EGTA 1.23(+0.12) E-4 0.25(x0.04)
ompB2 Mg” /EGTA 4.17(x0.56) E-5 0.30(0.08)
axBa Mg**/EGTA 1.49(+0.37) E-5 0.25(+0.13)

3
AKS =4, 1K, (remgmct mo, ma), i=123); &' Z—;—ﬂ
‘=lm,,.K ui

2D vs. 3D binding kinetics

The binding kinetics of soluble ICAM-1 to purified isolated I domains as well as

whole a3, were measured in SPR (Table 7-4) by Shimaoka et al (2001) and Labadia et
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al (1998).

Table 7-4. The kinetic rates and dissociation constants for [ICAM-1 to the WT, open and
closed alL I domains and the intact oy [3,.

Immo. Ligand Analyte ke (M s ke (s Ky (uM)
SICAM-1 WT I domain 2950400 4.95+0.85 1670100
sICAM-1 closed I domain 2110+400 2.84+0.27 1760+£70

sICAM-1 open [ domain 139000+£8000  0.0257+0.0015 0.185+0.012
open I domain sICAM-1 107000+£3000  0.0275+0.0028  0.258+0.024

oLB2 sICAM-1 22400069000  0.0298+0.0069  0.13320.041

Binding kinetics measured by SPR. Data were from Shimaoka ef al. (2001), except for that of oy 3,, which
was from Labadia et al. (1998)

These 3D binding affinity data showed that locked open I domain has a 9000-fold
higher binding affinity compared to the WT and locked closed I domain, which are in
agreement with the trend and extent of change of the 2D binding affinity data measured
by our micropipette experiments. By contrast, the difference in the reverse-rates of the
locked open and locked closed I domains was 100-fold from the SPR experiment, but
only <2-fold from our micropipette experiment. These comparisons are interesting
because it has often assumed that the reverse-rates obtained by 3D and 2D measurements
should agree because they have the same unit, s"'. By comparison, it is still not known

how to convert the binding affinities obtained from 2D and 3D measurements, which
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have different dimensions (Dustin et al., 2001). The small differences in the measured
reverse-rates raised a question of whether the micropipette assay is capable of detecting
large differences in reverse-rate. To address this question, a positive control experiment
could be done by replacing the ICAM-1 by a blocking antibody coated on RBC to
interact with locked open I domain expressing K562 cells, because blocking antibodies
are known to have very slow off-rates. This experiment could help to confirm that the fast
off-rate of the high affinity I domains measured by micropipette is indeed fast rather than
an artifact resulted from the insensitivity of the experimental system. Moreover, human
ICAM-1 was used in the SPR experiments, but mouse ICAM-1 was used in our system.
Although mouse ICAM-1 can bind to human LFA-1 (Johnston et al., 1990), it is not clear
whether ICAM-1 molecules from different species bind to human LFA-1 with different
kinetics. It would be interesting to measure the 2D binding kinetics of GPI-anchored
human ICAM-1 for human isolated I domains and the whole LFA-1. This could
determine whether the discrepancy in reverse-rates measured in our study and SPR

studies is caused by the difference in ICAM-1 molecules from different species.

Experimental system vs. physiological situation

The micropipette experiment measures the binding kinetics of receptor and ligand
when they are bound to cell membrane by manipulating cell-cell adhesion at the single
cell level. This allows us not only to observe but also to control a single bond adhesion
event. The binding kinetics measured in this system reflects the binding characteristics of
receptor and ligand molecules in the force-free condition. In physiological conditions,

such as when inflammatory cells attach to endothelium cell layer, the binding events are
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not as simple as in the experimental setup. The attachment and detachment are affected
by blood stream and other environmental factors, and there might be multiple receptor-
ligand interactions occurring simultaneously. Moreover, the binding characteristics of
receptors and ligands change over time due to intracellular signaling, which could induce
conformational change, coupling to adaptor molecules as well as clustering and
oligomerization. Therefore, additional experiments are needed in order to further

investigate these more complex phenomena.

I domain conformational change vs. integrin global conformational change

Besides the conformational change in the I domain, the global conformational
changes in the whole integrin are also important for increasing binding affinity. In
inactive state, the whole integrin bends towards the membrane and makes the binding site
in I domain difficult for ligand to access, especially for large ligands (Shimaoka et al.
2002). Thus, the switchblade-like change is very important for ligand binding regulation.
However, the isolated I domain binding kinetics could not address the importance of the
global conformational change. The relative contribution of conformational changes in
whole integrin and in I domain could be addressed by using the whole o3, with locked
open or closed I domain. Whole integrin with locked open I domain still adopts the bent
conformation; therefore, the increase in binding affinity of the o3> with a locked open I
domain compared to the inactive WT oy, is contributed by the open I domain
conformation. On the other hand, when the a3, with a locked closed I domain is treated

with reagents that induce the switchblade-like conformational change, such as Mn**
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(Takagi et al. 2002) and activating antibodies (Shimaoka et al. in press), the increase in
binding affinity is due to the global conformational change since the I domain is locked
in closed conformation.

Qutside-in and inside-out signaling

Integrins signal across the plasma membrane in both directions, i.e., inside-in and
outside-in (Hynes, 2002). Divalent cations regulate the activity of integrins by directly or
indirectly changing or stabilizing different conformations. The activation of integrins by
divalent cations, such as Mg2+ or Mn**, is more likely to resemble the effect of outside-in
signaling, that is, the signaling induced by the ligand binding (Arroyo et al., 1992,
Leitinger et al., 2000). However, the longest contact duration of receptor and ligand in
our micropipette assay was 20 s, which may not be enough for the outside-in signaling to
be amplified and affect the function of other molecules. This could be circumvented by
using alternative technique allowing longer contact time between receptor and ligand
such as fluorescence method. Further work to determine the effects of I domain and
whole integrin conformational changes on downstream signaling pathways could be
interesting. Many integrin-mediated physiological events are initiated from inside the
cell; however, the regulation of integrins by the inside-out signaling is not fully
understood. Using cytokines or chemokines that activate cells by inducing inside-out
signaling could reveal how these signaling affect the conformational change of integrin
extracellular domains.

Neutrophil 3, integrin binding kinetics

The study of neutrophil f,integrin binding kinetics and regulation provided
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preliminary data for further investigation. Interestingly, the neutrophil [3;integrins
appeared to have different binding kinetics and regulation compared to both the isolated I
domains and intact o 3, on K562 cells. As we discussed in Chapter VI, one possibility is
that different integrins might have different activation patterns. The binding kinetics of
individual integrin was only measured when neutrophils were treated with Mg*". The
binding kinetics of individual integrin measured in HBSS- and Ca®* will reveal the
difference in regulation of the three B, integrins by divalent cations. Furthermore, the
conclusion of the independent concurrent binding of three 3, integrins was drawn based
on the binding kinetic rates extracted from the binding curves of three-species and single-
species measured in Mg>*. The binding curves of two species with one integrin blocked
would give another set of kinetic rates of individual integrins, which could provide more
data to strengthen our conclusion. Moreover, we need multi-species binding kinetics
when neutrophils are treated with HBSS- or Ca’" to test whether the independent

concurrent binding is also valid when the neutrophil 8, integrins are inactive.
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