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ABSTRACT OF THESIS

The B, integrins are heterodimeric cell surface receptors that mediate adhesion
between cells or with components of the extracellular matrix. There are several different
conformations of B1 integrins on cell surface (i.e. inactive and active or plus ligand
occupied conformations). Only integrins in the active state are capable of binding their
ligands. However, it is not clear how the activities of these molecules are regulated at the
structural level.

Previous investigators in this laboratory have generated regulatory monoclonal
antibodies to the human integrin 8, chain. Based on their effects on cell adherence to
fibronectin, these antibodies can be divided into three groups, i.e. stimulatory antibodies
such as N29, B44, and B3B11, neutral antibodies such as JB1 and 6F4, and inhibitory
antibodies such as JBI1A and 3S3. In this study, I found N29 epitope expression highly
correlated with 81 integrin functional status, it seems that expression of this epitope is a
prerequisite for cell adhesion. In contrast, B44 epitope is a cation ligand induced binding
site (CLIBS), whereas JBIA and 3S3 epitopes are quite stable in different functional
states of B; integrins. It was therefore questioned whether the localization of the epitopes
of these mAbs could provide information about ligand binding sites or the regions
involved in the control of integrin conformational transition. To map these regulatory
epitopes, several techniques were employed 1) Phage peptide display libraries. 2) PCR
amplification and integrin peptide expression in E.coli. 3) Western blot analysis of
interspecies B; chimeric proteins and 4) Peptide ELISA.

Using these approaches, three distinct stimulatory epitopes (B44, N29, and B3B11)

and two different types of inhibitory epitopes (JB1A and 3S3) were localized. These results

V1



suggested regulatory roles for the conserved -NH2 terminal cysteine rich domain, and
regions containing residues 82-87, 355-425 and 636-705. Furthermore the potential
contributions of disulfide bonds and O-linked carbohydrate in Integrin
integrity/functionality were also suggested. The data allowed us to develop a model of
some the changes associated with the acquisition of integrin ligand binding competency

and occupancy.
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CHAPTER 1: INTRODUCTION

1.1 Cell adhesion is the basis of the existence of metazoans.

The assembly of individual cells into a multicellular architecture is a prerequisite for
the existence of all metazoans. This process is mediated by the adhesion of cell-cell and
cell-extracellular matrix proteins. Adhesion molecules not only play the role of sticking
one cell to its neighboring cells, but also through their ligand selection and
transmembrane signaling, guide cell arrangement, migration, proliferation, differentiation
and programmed death (1, 2). Thus, adhesion molecules provide one of the prerequisites
for the emergence of primitive multicellular organisms and maintenance of the very
diverse, highly sophisticated tissue architecture of animals, including humans.

Many of the families of adhesion molecules are clearly very ancient. The cadherin,
integrin and immunoglobulin superfamilies exist in both insects and mammals indicating
that these molecules must predate the divergence of the deuterostome and protostome
lineages. The same is true for their ligands such as collagens and laminins (3). In fact, the
extracellular matrix glycoproteins, collagen and laminin, appear to predate the most
primitive metazoan, Cnidaria (4). The recent amino acid sequence data of B;-class
integrin from the Cnidaria (coral Acropora millepora) and another primitive metazoan,
the Porifera (marine sponge Ophlitaspongia tenuis) suggest that ;integrin may have
changed relatively little over the past 500 million years (5). Although the precise time
when adhesion molecules appeared in this world is obscure, the crucial role of adhesion

molecules in the earliest stages of metazoan evolution is certain.



Adhesion molecules are required for the existence of mammals. Adhesion
molecules mediate mammalian egg fertilization. Mouse egg B, integrin has been defined
as a receptor of mouse sperm and this kind of sperm-egg adhesion may be a ubiquitous
mechanism for all mammalian egg fertilization, including human (6,7). Adhesion
molecules are also crucial for embryogenesis and implantation. Gene knockouts of many
adhesion molecules or their ligands result in embryonic lethality (8).

Adhesion molecules exist in all human nucleated cells. Alterations in their adhesive
properties, not surprisingly, are observed in many human diseases such as cancer
(invasion and metastasis), thrombosis, inflammatory diseases (infections and autoimmune
diseases) and problems arising from ischaemia/reperfusion injury (heart attacks, stroke,

organ transplantation, frostbite) (9).

1.2 Adhesion molecules in immune system

Several families of adhesion molecules have been characterized molecularly, they
are cadherins, members of the immunoglobulin superfamily, selectins, integrins, leucine-
rich glycoproteins (LRG), mucins, CD36 family and CD44 (10). In the immune system,
the integrin, selectin and immunoglobulin superfamilies (IgSF) play important roles in
lymphocyte development, migration and activation, including the antigen specific
receptors of T and B lymphocytes.

Adhesion molecules are required in lymphocyte development. Lymphocytes,
especially T and B lymphocytes, are the central elements of the immune system. These
lymphocytes originate from so-called hemangioblasts, which are common precursors for

all blood and endothelial cells. Hemangioblasts differentiate at both intraembryonic and



extraembryonic sites, i.e., aorta-gonad-mesonephros (AGM) region and yolk sac tissue.
At around embryonic day 9, when blood circulation begins, precursor cells from both
regions enter the blood and settle in the fetal liver at around day 10. Integrin ;—null
precursor cells are present in AGM, yolk sac and the fetal blood but never in the fetal
liver (11). Thus, fetal liver can not provide precursor cells to fetal thymus, fetal spleen
and bone marrow to form central immune organs and major peripheral immune organs
(12). During fetal life, T cell development is o4 integrin independent, but after birth
further production of T cells becomes o4 dependent (13). Precursors for both T and B
cells require oy integrins for normal development within bone marrow. In o, —null
chimeric mice, B cell differentiation is blocked at an earlier stage than that observed in
RAG-1 - or RAG-2 —deficient mice, i.e., before the pro-B cell stage, and T cell
differentiation is blocked at the point before they can exit the bone marrow and migrate
to the thymus (13). In the thymus, integrins also play important roles in thymocyte
maturation (14, 15, 16, 17). Overall, integrins are required for development of immune
system.

Besides the integrin family, members of the immunoglobulin superfamily such as
the antigen receptors of T cells and B cells and MHC molecules play pivotal roles in T
cell and B cell differentiation and maturation. The selectin family, which includes P-, E-
and L-selectins, plays an important role in leukocyte migration but their roles in
lymphocyte development and maturation are currently unclear. It seems that gene
knockouts of adhesion molecules from this family do not block lymphocyte development

during fetal life (18,19).



Adhesion molecules are crucial for lymphocyte migration and homing.
Lymphocytes as well as other leukocytes migrate extensively throughout the body to
mediate immune surveillance and responsiveness for foreign antigens such as infectious
pathogens and mutant self-antigens of malignant cells. The route of lymphocyte
circulation starts from the blood, through the tissue, into the lymph, and returns to the
blood. To patrol the body effectively, these cells must circulate in the blood and lymph as
non-adherent cells and migrate through the tissues as adherent cells. Adhesion molecules
dynamically control these physiological processes.

Leukocyte extravasation can be divided into four steps (Figure 1.21),1.e., (1)
tethering and rolling, (2) triggering, (3) arrest and strong adhesion, (4) transendothelial
migration.

Tethering and rolling are predominantly mediated by selectins. Adhesion molecules
of this family have rapid association and dissociation rate constants for their ligands,
thus, mediate tethering of a flowing cell in the span of a millisecond and subsequently,
rolling (20). Blocking selectin function with either monoclonal antibodies or their
antagonists and ablating selectins in gene knockout mice severely impairs neutrophil and
lymphocyte tethering and rolling (18, 21, 22, 23, and 24). Furthermore, clinical evidence
from two so-called leukocyte adhesion deficiency II (LAD-II) patients indicates that lack
the ligands of selectins display strikingly depressed leukocyte emigration into
inflammatory sites (25). These studies indicate the exclusive province of selectins in the
earliest step of leukocyte extravasation. Although, there is some evidence to suggest that

o4 integrin is also capable of mediating tethering and rolling (26, 27).



After tethering and rolling, leukocytes are triggered by chemoattractants such as
chemokines e.g. MCP-1 and IL-8 or by cell surface interactions. The roles of chemokines
and their receptors of serpentine G-protein-linked proteins in this step have been
highlighted recently (20, 28). These signals rapidly activate integrin family members
such as B, (e.g. a.B;) and oy (e.g. 04f3; and 0Bl ) integrins and subsequently induce tight
adhesion between leukocyte and endothelial cells. The integrin ligands on the
endothelium surface, which mediate this strong adhesion, are immunoglobulin
superfamily members such as VCAM-1, ICAM-1, ICAM-2 and MAdACAM-1 (20, 28).
Mutation of B3, integrin in patients results in leukocyte adhesion deficiency I syndrome
(LAD-I), which is phenotypically similar to LAD-II in its effects on leukocyte
extravasation. The oy integrin null T lymphocytes cannot migrate to Peyer’s patches (13).
Therefore, both integrins and molecules of immunoglobulin superfamily are required for
leukocyte tight adhesion to endothelial cells.

Transendothelial migration requires both deactivation of integrins and cell migration

between two endothelia. The mechanisms that control this process are not known.



Leukocyte Transendothelial Migration: The Multistep Paradigm

- Selectins >
4———— Chemoattractants
- Integrins

\ A/

Tethering and rolling
Triggering

Strong adhesion
> Transendothelial migration

Figure 1.21: Leukocyte transendothelial migration: 4 steps are involved in this process, i.e. 1) tethering and
rolling, 2) triggering, 3) strong adhesion, and 4) transendothelial migration.



Lymphocyte homing has been studied since the 1950s (29). The most important
conclusion from these earlier studies is that lymphocyte homing is not random. Different
classes of lymphocytes migrate preferentially through various lymphoid and non-
lymphoid tissues. For example, when collected from lymph draining gut or skin,
lymphocytes from adult animals (containing memory and effector cells) but not newborns
(containing naive cells) show a 2-fold or higher preference to recirculate to the same type
of organ from which they came (30). This property is of significance for several reasons.
First, it is an economical way to enhance the efficiency of the immune system by
targeting immune surveillance to tissues most similar to those where the cells initially
encountered the antigen. Second, it may reduce the opportunities for autoimmune cross-
reactions with tissue components from unrelated tissues because this property decreases
the chance of a lymphocyte staying in these unrelated tissues.

Our understanding of the molecular mechanisms involved in lymphocyte homing
has advanced over the last 10 years. Several pairs of adhesion molecules which control
this process mediate interactions between lymphocytes and endothelial cells. Figure 1.22
shows the molecules that contribute to this process in the first three steps (20)
(Permission of reprints granted by Dr. Springer and Cell press). These lymphocyte
surface molecules may be induced by the particular environment in which the specific

antigen was first encountered.



Step 1 Step 2 Step 3

Gui-coupled

LSgelectin receptor alf,
Peripheral
Node HEV > T >
CD34 Chemo- ICAM-1,2
atiraclant?
Gai-coupled
LSelectin receptor ash; olf,
Peyer's
patch HEV T
MAJCAM-1, CD34? Chemo- MAJCAM-1 ICAM-1,2
attractant?
Gai-coupled
CLAM receptor odp,  alB,
Skin e B —
E-Selectin MCP-1? VCAM-1 ICAM-1.2
Ga,l-coupled
L=Saleetin receptor odfy
Gut ——— T ———
MAJCAM-1, CD34? MCP-1? MAJCAM-1

Figure 1.22. The molecules that mediated first three steps of lymphocyte homing (Springer,1994).
For each organ, the interacting molecules are shown on the top for lymphocytes and on the botton

for endothelia.



Adhesion molecules are important in lymphocyte activation and communication.
Lymphocyte activation usually requires multiple signals to reach their activation
threshold. In T and B lymphocytes, the primary signals are provided by the antigen
receptor recognizing a specific antigen, the secondary signals are provided by the
interaction of an array of adhesion or costimulatory receptors with their respective ligand
molecules. Without secondary signals, the first signal can sometimes induce cell
unresponsiveness or anergy. Besides the first signal from the antigen receptors, the By, 8,
and B3 integrin are clearly involved in secondary signals (31) and the costimulatory role
of L-selectin has been recently noted (32). Thus, all three major families of adhesion
molecules (i.e. integrin, selectin and IgSF) participate in T cell and B cell activation by
transmitting signals from either extracellular matrix or counter receptors on other cells.
The interactions of lymphocytes with other cell types are critical for immune
function. The three most important cell-cell interactions are: 1) T cell/antigen presented
cells (APC) interaction, by which a naive T cell is activated by the MHC antigen peptide
complex on APC surface. 2) T cell/B cell interaction, by which B cell triggering from T
helper cells results in the differentiation of the former into antibody forming plasma cells.
3) T cell/ target cell interaction, by which a cytotoxic T lymphocyte (CTL) is able to
destroy virus infected cells and tumor cells. It is now clear that interaction between
antigen receptor and MHC antigen peptide is not enough to mediate this adhesion. Other
adhesion molecules such as integrin LFA-1 and members of IgSF e.g. LFA-2, LFA-3,
ICAM-1, ICAM-2, ICAM-3, play major roles in these adhesive interactions (33, 34). It is
notable that interactions mediated by different molecules are highly cooperative. Initial

weak adhesion provided from other adhesion molecules may provide an opportunity for



better TCR/MHC antigen peptide recognition. Subsequent signals from TCR can then

dramatically upregulate cell adhesion by other molecules within minutes (35).

In summary, adhesion molecules are required in lymphocyte development,
maturation, migration, homing, activation and lymphocyte communication. The immune

system could not have existed without these molecules.

1.3 Functions and Structures of Integrin superfamily
Integrin functions:

Integrin was named by Dr. Richard O. Hynes in 1986 to denote its role as an integral
membrane complex involved in the transmembrane association between the extracelluar
matrix and the cytoskeleton (36). Since then, at least 22 integrins have been found or
named. These versatile cell surface receptors not only mediate cell adhesion to
extracellular matrix and plasma proteins (such as fibronectin, fibrinogen, von Willebrand
factor, collagens, vitronectin, laminins, thrombospondin, coagulation factor X and
complement iC3b) but also mediate cell interactions with their counter receptors (such as
VCAM-1, MAdCAM-1, ICAM-1, -2, -3) (37). Integrins also mediate interactions
between host cells and the proteins of some pathogens (such as adenovirus penton base,

HIV Tat protein, Leishmania gp63 etc.). Table 1.31 shows mammalian
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Table 1.31. Mammalian Integrins and Their Extracellular Ligands (Sugimori et al., 1997).

[ategrin Extracellular ligands

«,B, (CD49a/CD29)  Laminin, collagens I, IV, VI

a,B, (CD49b/CD29)  Collagnens [-IV, Laminin, vitronectin, Tenascin
(cytotactin); asf3,; pathogens (Echovirus 1).
Motif: DGEA '

a3, (CD49¢/CD29)  Epiligrin (kalinin), fibronectin, laminin, collagen
I, entactin, a,f,, a;8;; pathogens (Invasin
from Yersinia spp.). Motif: RGD

B, (CD49d/CD29)  VCAM-1 (CD106), Fibronectin, a4 subunit®,
pathogens (Invasin from Yersinia spp.). Motif:
LDV" (consensus: L/I-D/E-S/T/V-P/S) (e.g.
IDSP, LDV)

asf3; (CD49%e/CD29)  Fibronectin, denatured collagen, L1 adhesion
molecule®; pathogens (Invasin from Yersinia
spp.). Motif: RGD

o,B, (CD49f/CD29)  Epiligrin, laminin; pathogens (Invasin from
Yersinia spp.)

o,B, (CD49g/CD29)  Laminin

agf3; (CD49h/CD29)  Fibronectin, tenascin, Vitronectin®

a3, (CD49/CD29)  Tenascin

ayBy (CDS1/CD29) Fibronectin, vitronectin; Motif: RGD

o B, (CD11a/CD18) ICAM-1, -2, -3 (CD54, 102, 50); Landsteiner-
Wiener (LW) blood group glycroprotein®;
pathogens (H. Capsulatum). Motif: LDV (e.g.
GIETP, ALETSL, QIDSPL)'

ayfB; (CDLIL/CD18) ICAM-1, -2, -3 (CDS54, 102, 50), iC3b,
fibrinogen, factor X, lipopolysaccarides
(LPS), carbohydratest, heparin®,
Haptoglobin', CD23/, kininogen*, denatured
proteins; Landsteiner-Wiener (LW) blood
group glycoprotein®; pathogens (neutrophil
inhibitory factor from Ancylostoma C.',
filamentous hemagglutinin from Bordetella
pertussis), gp63 from Leisiunania D., H.
Capsulatum, WI-1 antigen from Blastomyces
dermatididis™

ayB, (CD11c/CD18)  iC3b, fibrinogen, CD23%, LPS®, pathogens (H.
Capsulatur)

apfl, (CDLId/CD18) ICAM-3 (CD50)°

o B; (CD41/CCD61)  Fibronectin, fibrinogen, von Willebrand factor
(vWF), vitronectin, thrombospoadin,
collagens, denatured collagen, PECAM-1
(CD31)P; pathogens (Disintegrins, Bortelia
burgdorferi). Motifs: RGD, KQAGDV

ayBy (CD31/CD61) Fibronectin, fibrinogen, vitronectin, vWF,
thrombospondin, osteopontin, tenascin,
denatured collagen; L1 adhesion moleculed,
gelatinase AS; pathogens (HIV Tat protein,
disintegrins, penton base protein of
adenovirus type 2%). Motif: RGD

By (CD49(/CD104) Laminin

ayBs Fibronectin, vitronectin; pathogens (HIV Tat
protein, penton basc protein of adenovirus
type 2°). Motif: RGD

By Fibronectin, tenascin. Motif: RGD

a3, MadCAM-1, CD106, fibronectin, Motif: (from
MadCAM-1) LDV (GLDTSL)

«:8; (CD103) E-cadherin

By Vitronectin
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integrins and their extracellular ligands (38) (Permission of reprints granted by Dr.
Arnaout and Kidney International publisher, Blackwell Science, Inc). Despite the
diversity of their ligands, integrins generally recognize short sequences in their ligands,
which contain a key acidic residue that is essential for receptor binding (e.g. RGD in
fibronectin and other ligand proteins, QIDSPL in VCAM-1 etc.) (38). It should be noted
that there is some controversy regarding the intermolecular interactions between

oiB /0By, a3Bi/osBy, and ouBi/oy listed in Table 1.31. The evidence for B, binding
DGEA motif has also been questioned. These issues derive from the fact that others have
not been able to duplicate these results.

Integrins are capable of transmitting bidirectional signals across the cell membrane.
Upon binding to their ligands, integrins deliver signals into the cell through their
intracellular region (Outside-in signaling) which can influence cell differentiation,
migration, proliferation or apoptosis (1, 39, 40). On the another hand, triggering of other
receptors on the cell surface, through intracellular signal pathways and integrin
cytoplasmic domain interactions, can change integrin extracellular domain conformation
(Inside-out signaling) which influences ligand binding (1, 33, 39, 41, 42, 43).
Extracellular matrix proteins can also influence cell function by integrin outside-in
signaling. Conversely integrin activation regulated by inside-out signaling may be
essential for the assembly of extracellular matrix (44).

Integrins are expressed on all nucleated cells, although the expression patterns and
levels are variable among different cell types. Thus integrins appear to be important in a
wide variety of tissues and may play roles in renal, cardiovascular, gastrointestinal,

hepatic, lung, skin, bone and joint, neurological, infectious and malignant diseases (45).
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Recently, the genes encoding the B, Integrin and its ligand have been identified as a new
class of obesity genes (46) suggesting that , integrins may play an indirect role in the
regulation of some aspects of hormone levels and energy expenditure.

Integrin structure:

Integrins are o heterodimeric receptors. A pool of 16 o and eight B subunits can
form at least 22 integrin heterodimers with many different ligand specificities (see Table
1.31). Each of the o subunits contains about 1000 amino acids, whereas each of
subunits contains about 750 amino acids except B4 that contains a very long cytoplasmic
tail (over 1000 amino acids, full length of human B4 is 1752 amino acids). Amino acid
sequences of human B3 subunits are shown in Table 1.32 (47). Both o and B subunits
consist of a short C-terminal cytoplasmic tail (except B4 chain), a single transmembrane
region and a large extracellular domain (see Figure 1.31) (Permission of reprints granted
by Dr. Arnaout and Kidney International publisher, Blackwell Science, Inc).

Comparison of amino acid sequences indicates o subunits can be divided into two
groups, i.e. subunits with I-domains and subunits with cleavage sites. The homologies
between o subunits vary from about 20% to 60% and the homologies within the same
group are significantly higher. Among 8 subunits, the overall amino acid homology is
about 45-50% (about 80% in certain areas) with complete conservation of 56 cysteines in
most of B subunits (34, 7, and 85 contain more cysteines). Interestingly, 82-90% amino
acid identity is observed between human, mouse, chicken, and frog B; integrins, and 45%

identity between human §, and a 3, —like protein from Drosophila (48). These data



suggest that there may be considerable similarity in the structure and function of the

different integrins.
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Table 1,32 (Hu et al, 1992)
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The extracellular domain of o subunits contains seven tandem repeats, each
comprised of 60-70 amino acids, three or four of which have EF-hand-like divalent cation
binding sites. A B-propeller model, in which seven four-stranded 3-sheets are arranged in
a torus around a pseudosymmetry axis, has been proposed recently as a structural model
of these seven repeats (49) (Figure 1.32) (Permission of reprints granted by Dr. Springer
and PNAS publisher). In seven o subunits (ou), 02, 0g, O Om, Olx, Olp), an extra A-type
domain about 200 residues (called A- or I-domain) is inserted between the second and
third repeats. These [-domains contain three EF-like motifs and adopt a Rossman-fold
structure (Figure 1.33) (50) (Permission of reprints granted by Dr. Arnaout and Cell
press). The large extracellular domains of the B subunits contain a putative I-like domain
in its N-terminal region (50) and a characteristic C-terminal cysteine-rich motif repeated
four times. Electron micrographs of several integrin heterodimers reveal a mushroom-like
head comprised of the two N-terminal halves of the o and 83 subunits and two flexible
tails representing the C terminal portions of the subunits (Figure 1.34) (1) (Permission of

reprints granted by Dr. Hynes and Cell press).
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N-terminus

N-teyminus
Inus™

top (A) and side (B). Each W is shown in a different color. A hypothetical polypeptide finger in the central cavily
is gray. Cysicins in disulfides are black. Side chains in B-strand | in positions 0, b, and 2 arc shown in gold
lavender, and rose, respectively; their oxygens and nitrogens are red and blue, respectively, Ca™* fons and a
hypothetical Mg™* ion arc gold and silver spheres, respectively. (reprint from|46)with permission from PNAS)

Figure 1.32. Ribbon diagrams of the model for the integrin a 4-subunit -propelicr domain. Views are from the
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Fig 1.33a. Schematic Stereo Diagram of the | Domain Structure (Lee et al, 1995). The Mg2+ ion is shown on
the top of Rossman-fold structure

Figure 1.33b. Stereo Diagram of the Metal lon-Dependent Adhesion Site (MIDAS) (Lee et al, 1995). The MIDAS
motif, a DxSxS sequence (residues 140-144, where x represent any amino acid) and a threonine (T209) and
aspartate (1D242) from other parts of the chain are shown, The hydrogen bonds are shown by dashed lines
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12-15 nm
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Figure 1.34. Structural Features of In-
tegrin Receptors ( Hynes, 1992)

(a) shows the overall shape, as deduced from
electron microscopy, as well as the putative
locations of the cystine-rich repeats of the
subunit (crosshatched) and metal-binding sites
in the a subunit (M**). The shaded area repre-
sents the ligand-binding region that is known
to be made up from both subunits based on
cross-linking and binding data.

(b) schematizes the arrangement of the poly-
peptide chains with the cystine repeals inter-
nally folded and the head region of the B sub-
unit containing internal disulfide loops, some
but not all of which are shown. A disulfide bond
from the midd!le of the B subunit to a point close
to the membrane has been proposed (Calvete
et al., 1991) but is omitted here for clarity. Xs
indicate positions of mutations (of human . or
B, subunits) known to affect ligand binding or
off dimerization. The positions of alternatively
spliced segments in Drosophila subunits are
shaded.




Ligand binding sites and divalent cation binding sites:

The I- and B- propeller domains in the o subunit and the I-like domain in the B
subunit have been identified as the ligand binding sites (51). Thus, o chains have either
one (03.9, Oy, OW) OF tWo (01, Oy, QL O, O, Oix, Op) ligand binding domains, and 3
chains have one ligand binding domain. These domains are located in the N-terminal half
of o and B subunits, in agreement with the morphologic studies that indicated mushroom-
like head were the ligand binding area.

The I domain structure was proposed in 1995 (50, 52). This domain has hydrophobic
B-sheets in the middle and hydrophilic o-helices on both sides of the B-sheets (a“
Rossman” fold). This domain has a Mg**/Mn>* coordination site at its surface (see
Figure 1.33). The residues in oy and oy critical for ligand binding, have been shown to
be involved in the coordination of a divalent cation. Thus, both ligand and divalent
cations bind to the same region of the top of I domain. These critical residues DXSXS
(residue 140, 142, 144), T (residue 209) and D (residue 242) that form the divalent cation
binding site in oy are also present in all 8 chains (50,51). The DXSXS is in the conserved
region I and the second D is in conserved region 2 of the B chain which further supports
previous observations that these two conserved regions in B chain are ligand and divalent
cation binding sites (53, 54). The conserved region I (i.e. residue 120-139 of B chain)
and the conserved region 2 (i.e. residue 221-241 of B, chain) are defined here to describe
the two most highly conserved regions among integrin f3 chains.

The B-propeller domain structure was proposed in 1997 (49). This domain contains

seven four-stranded B-sheets (called “W*) arranged in a torus around a pseudosymmetry
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axis (see Figure 1.32). Integrin ligands and a putative Mg* ion are predicted to bind to
the upper face of the B-propeller. The Ca®* binding motifs in the integrin o subunit are on
the lower face of the B-propeller. This part of the B-propeller domain may be involved in
interactions with the B subunit and in conformational changes that regulate ligand binding

(49). This model has been supported by several experimental observations (51,55).

Disulfide bonds in integrin family:

Disulfide bonds play important roles in maintaining protein structure. Both integrin
o and B subunits contain multiple cysteines. In the model of platelet glycoprotein IIb/I11a
(cumB33), the disulfide bridges in the oyy, subunit are all sequential, but in the B; chain they
are much more complicated (Figure 1.35) (56) (Permission of reprints granted by Dr.
Calvete and the publisher of Thrombosis and Haemostasis). In the B; chain three long-
range disulfide bonds which join the N-terminus and C-terminus of extracellular side to
the proteinase-resistant core (Cys - Cys ** and Cys 814 Cys 687) and the I-like domain to
the extracellular side of the C-terminus (Cys *%. Cys 655) (57). As proposed by Juan J.
Calvete, the cysteine-pairing pattern in GPIIla may be extended to all B subunits of the
integrin family. However, this has not been experimentally confirmed for other integrins.
It is notable that both the I-like domains in B chains and the B-propeller domains in o
chains contain disulfide bonds although there is no disulfide bond in I-domain. These
disulfide bonds could be targets of reducing agents and may be involved in thiol

exchange mechanisms that control integrin function.
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Figure 1.35. A model for isolated platelet glycoprotein IIb/Illa (alIB/B3) based on biochemical data

( Calvete, 1994). The protein domains participating in the intra- and intersubunit surface of the
heterodimer are shown as dotted areas and shadowed regions, respectively. In o chain the disulfide
bridges (loops) are all sequencial; the intrincate disulfide bond pattern of B chain is indicated. The
diamonds connected to the polypeptide chain represent N-glycosylation points; the open circle at the
C-terminus of o chain shows the position of O-glycosylated Ser347, C, C-terminus.



Glycosylation sites in integrin family:

It has been suggested that carbohydrate moieties play important roles in
glycoproteins including stabilization of specific protein conformations, protection against
proteolytic degradation and modulation of biological activity. Integrins are glycoproteins
that contain multiple N-linked glycosylation sites. The fibronectin receptor (aus;), for
instance, contains 14 and 13 potential N-linked glycosylation sites on o, and B subunits,
respectively (58). These oligosaccharides are important for maintenance of integrin/ligand
interaction (59) and o and B subunit association (60). There is little information about the
presence and the role(s) of O-glycosylation site(s) in the integrins. One O-glycosylation site
has been localized to Ser* in alIb subunit (61). Inhibition of O-linked glycosylation has
also been shown to impact on VLA4- and VLAS-dependent HL60 cell adhesion (62).
Therefore, it appears that there may be a role for the latter type of glycosylation in integrin

function.

1.4 Modulation of Integrin functions:

As discussed above, integrin functions are tightly regulated in different
physiological and pathological processes. The hierarchy of control includes 1) regulation
of integrin expression on the cell surface, (i.e. quantitative regulation) and 2) regulation

of integrin functional states (i.e. qualitative regulation). See table 1.41.
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1.41 Regulation of integrin expression: A variety of agents and factors have
been found to affect the expression of integrins and their function. These include
cytokines/ chemokines, hormones, infectious agents, some pharmacological agents and
mechanical factors. The mechanisms involved in this type of regulation include (1
regulation of protein levels by transcriptional or posttranscriptional mechanisms, (2)
alternative splicing of mRNA, (3) processing of o heterodimers and transportation of
preexisting intracellular stores, and (4) mechanisms involved in integrin internalization

and shedding (1, 63, 64, 65, 66).

Table 1.41. Regulation of Integrin Function

Expression Level (quantitative)

Biosynthesis

Alternative splicing

Receptor processing

Transport/ mobilization of intracellular stores
Internalization & shedding

Functional States (qualitative)
Clustering

Affinity Regulation (Conformational change):
Extracellular Domain Stimuli: DTT, Mn*", mAbs, and ligands
Plasma Membrane Lipid Composition
Intracellular Domain Stimuli: inside-out signaling
Other associated proteins
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1.42 Regulation of integrin functional states: There are two ways to quickly
change integrin function without new protein synthesis. They are integrin conformational

changes and integrin clustering (37).

1) Integrin conformational changes

Many biological processes require promptly changing integrin conformation.
Platelet aggregation and adhesion at the site of injured vessels, for example, are critical
for preventing fatal bleeding. This process requires immediate transition of B33 integrins
from the inactive form to an active conformation after platelet exposure to the
subendothelial matrix (67). Leukocyte extravasation, as described in the previous
discussion, is another example. Cell surface integrins need to change their conformation
from an inactive form to an active one for firm leukocyte adhesion to the endothelium,
then return to the inactive form for leukocyte transendothelial migration to the
inflammatory site.

To monitor integrin conformational changes, several in vitro methods have been
established since the late 1980s, such as: a) Detection of changes in the affinity of
integrin for to radioactive isotopes or fluorescence labeled soluble ligands or biotinylated
soluble ligands. This method has been widely used to distinguish integrin conformational
change from cell adhesion resulting from integrin clustering or cell spreading (41). b)
Detection of functional status associated neo-epitopes with monoclonal antibodies (see
section 1.5). ¢) Fluorescence resonance energy transfer studies with a pair of monoclonal
antibodies, which recognize different epitopes on the integrin heterodimers (e.g. one to

oup, another to f33), these two antibodies respectively conjugated with either a donor
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fluorescein (FITC) or an acceptor tetramethylrhodamine (TR) chromophore. This method
can test spatial alteration between two epitopes (68). d) Detecting alteration of integrin
hydrodynamic parameters (69) etc. Among these methods, the first two have been most

frequently used in evaluating integrin conformational changes.

Regulating integrin conformation by triggering inside-out signalling:

Signaling via integrins takes two forms: regulation of the affinity and
conformation of the receptor from inside the cell (inside-out signaling), and triggering of
intracellular events by ligand occupation of the receptors (outside-in signaling). In vitro
experiments have clearly demonstrated that platelets did not bind GPIIbIlla (oubBs)
ligands such as fibrinogen without activation. These results are consistent with the
observation that platelets do not spontaneously aggregate under physiological conditions
in vivo. After activation with agonists, such as adenosine diphosphate (ADP) or thrombin,
the affinity of o83 for soluble fibrinogen dramatically increases, which leads to platelet
aggregation (70). Fluorescent energy transfer studies on o35 have also demonstrated
that these agonists induced a change in the spatial separation or orientation of
extracellular domains within oy, and B3 and that this conformational change occurred
before ligand binding (68). In the case of leukocyte integrin activation, in vitro
experiments demonstrated that triggering of human monocytes with ADP activated oB,
dependent binding of soluble ligand, factor X (71). Triggering of the T cell receptor of
the lymphoid cell line, HUT-78, by OKT3 antibody (anti-CD3) induced o8 and ousB,
binding of soluble fibronectin (41). Triggering T lymphocytes with phorbol esters (PMA)

resulted in a 4-fold affinity increase of a subpopulation of oy B, for soluble recombinant
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ICAM-1 (72). Thus, conformational changes induced by natural agonists in vivo are

likely a general property of all members of integrin family.

Regulating integrin conformation by divalent cations:

Divalent cations are required to maintain integrin structure. As previously
discussed, each integrin heterodimer contains multiple divalent cation binding sites. I
domains contain a Mg>" binding site, B -propeller domains contain a Mg®* / Mn?* binding
sites on the upper and three Ca®" sites on the lower face, I-like domains contain a Mg
binding site. Thus integrins contain either 5 (without I domains) or 6 (with I domains)
divalent cation binding sites. Although only three divalent cations (ie. Ca®, Mg”*, and
Mn?*) were intensively studied, other divalent cations may also play roles in integrin
structure (73, 74).

Studies in the middle 1980s demonstrated that the exposure of platelets to Ca*
chelators resulted in the dissociation of the oy,B; complex into monomeric subunits and
the loss of the aggregation response of platelets (75). Subsequently, divalent cations have
been demonstrated to be indispensable factors for the functionality of all integrins.
Although the precise relationship between these cations and integrin function is still
unclear, linkage of integrins (cation binding sites or ligand binding sites) and ligand
(acidic residue such as “D” in RGD sequence) through divalent cations might be a
general mechanism of initiating ligand binding. Following the bridging of ligands, the
cations may be eventually displaced from integrin receptor (76).

Divalent cation induced high affinity conformations of integrins have been

demonstrated in several cases, for example, Mn** can induce 15-20 fold higher affinity of
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VLA-4 (a4fy) to soluble recombinant VCAM-1/IgG Fe fusion protein on normal _
peripheral blood T lymphocytes (77). High concentrations (e.g. 2mM) of Mg** can
induce higher affinity of LFA-1 (a8;) for soluble ICAM-1/IgG Fc fusion protein on T
cell surface (78). Furthermore, Mn** and Mg** can induce purified o5, binding of the
CCBD fibronectin fragment (79), suggesting divalent cations may directly change the
conformation of integrins.

In many cases, Ca** appears to interfere with the activities of Mg?* and Mn**. For
example, Ca**inhibited Mg”" activated 0,8, anchored in liposomes from binding to
collagen (80). Ca*" also inhibited Mn**and Mg”" activated LFA-1 (a37) binding to
ICAM-1 by T cells (81). Using purified osB;, Mould et a/ demonstrated that Ca®* is a
noncompetitive inhibitor of Mn?* activated ligand binding, but Ca®* can be an inhibitor or
stimulator of Mg®" activated ligand binding depending on the concentrations of Mg?* and
Ca®". When the concentration of Mg?** is low, low levels of Ca’" can bind to a distinct
high affinity site, which increases the affinity of Mg** for its ligand-competent site.
However, Ca®* can compete directly with Mg** for binding to the Mg** ligand-competent
site when Ca”" concentration is high. This study suggested that asB; exists in several
distinct divalent cation-binding sites, each of which has different specificity for Mn*",
Mg** and Ca®* (79). It is still not known today which of the cation sites are occupied in
any of these situations. Several questions are still unanswered, i.e. whether a certain type
of cation can bind different cation binding sites or they have their own specificities; how
many cation binding sites must be occupied by cations in order to support ligand binding;
why does Mn** confer a much higher ligand binding affinity on many integrins than Mg**

and Ca*".
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Regulating integrin conformation by the reducing agent, Dithiothreitol
(DTT):

As discussed previously, both a.and B chains of integrin contain multiple highly
conserved cysteines that are predicted to be involved in intrachain disulphide bonds.
Protein disulphide isomerase (PDI), an enzyme involved in the exchange of protein
disulfide has been described on the surface of different cells (e.g. lymphocytes) and can
be released from activated platelet (82, 83). Recently, several extracellular matrix
proteins (fibronectin, von Willebrand Factor) have been shown to display PDI like
activity (84, 85). Thus exchange or deassociation of disulphide bonds within integrin
receptors might be involved in regulating integrin conformation and integrin functional
status.

In 1974, Maclntyre e al demonstrated that dithiothreitol induced platelet
aggregation, and that this aggregation was caused by reduction of disulphide bonds in
platelet proteins rather than reduction of fibrinogen (86). In 1984, Zucker er al showed
that DTT induced specific 125I-ﬁbrinog_gen binding to platelets and this binding resulted
from reduction of fibrinogen receptor, oypB; (87). Since then, DTT activation of 8;, B,,
and B3 integrins has been reported (88, 89, 90). Because DTT was found to enhance the
binding of fibronectin to purified osB, it seems that DTT can directly change integrin
conformation. In other words, alteration of disulfide bonds within the integrin
heterodimer is able to influence integrin ligand binding and is a probable mechanism in

vivo.



Regulating integrin conformation by other factors:

In addition to physiological agonists, divalent cations, and reducing agents,
integrin conformation can be regulated by cell membrane lipid constitution (91); integrin
associated proteins (92, 93, 94) (some of them may need more evidences), and regulatory
monoclonal antibodies (see section 1.5). These molecules may regulate integrin
conformation through their unique interactions with the integrin extracellular domain, the
transmembrane domain or the intracellular domain. However, similar to those previously
described factors, their roles in control of integrin structure and function are not fully

understood.

We are still far from understanding integrin conformational transitions in vivo,
where divalent cation concentrations may be lower than those used i vifro and where
DTT does obviously not exist. On the another hand, multiple stimuli that exist in vivo,
including shear stress in blood (95), may synergistically induce integrin conformational
changes, which have yet to be demonstrated in vitro. Thus, better systems to examine

integrin conformation in vivo may be required for the future investigation of this point.

2). Regulating integrin function by integrin clustering:

The regulation of integrin diffusion/clustering, through integrin cytoplasmic tail
interactions with the cytoskeleton, is another important mechanism in controlling cell
adhesion (37). B, integrin (LFA-1), for instance, distributes homogeneously on resting
lymphocytes. These cells bind poorly to ICAM-1, which is a ligand of LFA-1. This

nonadhesive state is actively maintained by the lymphocyte cytoskeleton. Disruption of



actin cytoskeleton of T and B lymphocytes allows lateral movement and activation of LFA-
1, resulting in ligand binding and “outside-in” signaling, that subsequently stimulates actin
polymerization and LFA-1 clustering which stabilizes strong cell adhesion (96, 97). LFA-1
is clustered on the cell surface of interleukin-2/phytohemagglutinin-activated T
lymphocytes. These cells bind strongly to [CAM-1. Disruption of the actin cytoskeleton of
these cells with cytochalasin D results in a decreased LFA-1-mediated adhesion to ICAM-
1. Thus, the cytoskeleton maintains both the nonadhesive state (homogeneous integrin
distribution) and the strong adhesive state (integrin clustering). However, the intracellular
molecular mechanism that controls integrin distribution on the cell surface remains to be

further elucidated.

Although integrin conformational change and clustering are considered as two
separated events, they may happen concurrently on the cell surface and synergistically
facilitate ligand interaction (98). It is also important to keep in mind that varied integrin
functional states may exist in the same cell (e.g. different affinity o) pool on leukocyte
surface) (99). In addition, integrins in different functional parts of the same cell may be
also different (e.g. focal-adhesion and macroaggregate formation on fibroblasts) (66). All
of these are sophisticatedly controlled by the cell and its environment although we still

don’t know the detailed mechanisms.

1.5 Structure and function analysis of integrins with regulatory antibodies:
Structure and function analyses of integrins with regulatory antibodies have

improved our knowledge in several aspects. These include 1) Detection of integrin
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conformational changes. 2) Identification of ligand binding sites. 3) Identification of

regulatory sites.

1) Detection of integrin conformational changes

As discussed in the last section, integrin conformations can be regulated at three
levels: i.e. integrin extracellular domain, lipid constitution of cell plasma membrane (91
and integrin intracellular domain. Divalent cations (100), reducing agents such as DTT (87,
88), ligands (101) and some regulatory monoclonal antibodies (1,100) can directly act on
the extracellular domain. PMA and other physiological signals generated by the triggering
of cell surface receptors can affect the integrin intracellular domain by intracellular signal
cascades (35, 102, 41, 42, 43, 103). In addition, some integrin-associated proteins, which
regulate integrin functions, may do so through unique interactions with the integrin
extracellular domain, intracellular domain or transmembrane domain (92, 93, 94),
However, the structural bases of integrin conformational changes are still unclear. How
different cells maintain different integrin conformational states (e.g. partially active forms
on Jurkat cells vs latent forms on peripheral blood lymphocytes) is an enigma.

Detecting integrin-ligand affinity is a reliable criterion to test integrin conformation.
However, this method may be not able detect some integrin conformation changes below
its threshold (i.e. partial active form) or integrin conformation change for binding other
associated protein(s). For example, phorbol ester (PMA) increases the expression of an
epitope recognized by mAb 15/7 in By integrins under conditions where an increase in
soluble ligand binding was not observed (37). Furthermore, this method can not provide

any information about structure basis of integrin conformational transition. Although X-ray



crystallography and electron microscopy have provided some information about integrin
structure (see previous discussion), they are not applicable to monitor integrin
conformational transition.

Detecting integrin conformation with monoclonal antibodies (mAb), which
specifically recognize the active form of integrin, is an another simple and reliable method.
In 1985, Coller demonstrated that mAb 7E3, which can block fibrinogen binding, bound
slowly to native platelets but much more rapidly to ADP and thrombin activated platelets.
As a control, another blocking antibody 10E5 bound nearly equally rapidly to both native
and activated platelets (104). Almost at the same time, Shattil et al found that mAb PAC-1,
another murine blocking antibody, bound to ADP activated platelets, but not to
unstimulated platelets (105). Thus, 7E3 and PAC-1 are able to recognize the active
conformation of GPIIbllla (oumBs). These two antibodies were classified as ligand-mimetic
antibodies (37). Similar to the case for 83 integrin, several ligand-mimetic antibodies such
as CBRM1/5, and 7A10 to B, integrin were also identified. However, this type of antibody
has not yet been found in By integrins (37).

Different from ligand-mimetic antibody, another group of antibodies recognizes
ligand occupied integrins. Because they bind ligand induced binding sites (LIBS), these
antibodies are named as anti-LIBS. The first anti-LIBS was described by Mark H. Ginsberg
and colleagues in 1988. They found that mAb PMI-1 did not bind native platelets and ADP
activated gel filtration-washed platelets (without fibrinogen), but bound to ADP activated
platelet in plasma (with fibrinogen) and ADP activated gel filtration-washed platelets if
exogenous fibrinogen was added. They further demonstrated that the peptide ligand

GRGDSP, induced PMI-1 epitope expression, and this result could be reproduced in
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purified oupB3 (106). Thus ligand occupancy generated a new conformation which can be
detected by monoclonal antibody. This concept was quickly spread to other members of
integrin family. At least a dozen anti-LIBS have been found in B, B, and B; integrin since
the end of 1980s (37). More recently, it was realized that most LIBS sites are also regulated
by divalent cation, therefore these sites can be also named as CLIBS, i.e. cation and ligand
influenced (induced) binding sites (107).

In addition to ligand-mimetic and anti-CLIBS antibodies, other antibodies also
exist, which can be used to detect integrin conformational changes. For example, mAb N29
described in this study can detect active Bjintegrin on Jurkat and K562 cells, it is also able
to detect DTT, Mn*", and probably anti-CD3 activated 8,integrin, however this antibody is
not a ligand-mimetic antibody and no evidence suggests it is an anti-CLIBS. We should
keep in mind that anti-CLIBS, in some cases, can bind not only ligand binding
conformation but also integrins treated with other reagents such as SDS or EDTA (37). We
also demonstrated that anti-CLIBS B44 could bind PMA activated, ligand-independent
conformation of human B, integrin. Thus different antibody may give different insights into
integrin structure/function relationships if we can find theirs binding sites (epitopes) on

integrins.

2) Identification of ligand binding sites with monoclonal antibodies

Several methods have been successfully used to identify ligand-binding sites in
the integrin 8 chain. A Cross-linking study with Arg-Gly-Asp (RGD) peptide, a sequence
recognized by many integrins, demonstrated that residues 109-171 and 66-203 of the B3

chain were RGD binding sites in B3 and o5 respectively (108, 109). These results
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were supported later by a natural mutation in a Glanzmann’s Thrombasthenia patient,
whose B3 chain residue119D was mutated to Y, and an artificial mutation of homologous
residue 130D to Y of the B chain. Both mutations resulted in the loss of ligand binding
potential (110, 111). Panning phage peptide display library with the RGD peptide further
demonstrated that KDDLW (residues 125-129) in the first conserved region (i.e. residue
109-128 of B3 chain) is the ligand-binding site (54). Several studies with cross-linking
agents, and mutational analysis also suggested that the second conserved region (i.e.
residues 212-233 of B3 and 221-242 of B;) in B chain is also a ligand binding site (53,
112). A cross-linking study with another peptide KQAGGYV from C-terminal ( chain of
fibrinogen demonstrated that a residues 294-314 of B3 chain in oupB3 was another ligand-
binding site (108). To avoid confusion, it is worthwhile to keep in mind that most of these
ligand-binding sites exist around the top of I-like domain, i.e. divalent cation and ligand
binding site (see previous discussion).

Localization of ligand blocking antibody (inhibitory antibody) epitopes, especially
the epitopes of ligand mimetic antibodies, was thought to be useful for identifying ligand-
binding sites. That ligand mimetic antibody AC7 recognized the first conserved region of
B3; chain, and several inhibitory antibodies recognized residue 207-218, which is
immediately before the second conservative region of B, chain, supported this idea (113,
111). However, the information from this research orientation is limited because only a

few antibodies are available and most of their epitopes are difficult to identify.

3) Identification of regulatory sites of integrins
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Antibodies to integrin can be divided into three groups, depending on effects on
integrin function (i.e. adhesion): stimulatory antibodies, inhibitory antibodies and neutral
antibodies. The anti-LIBSs belong to the stimulatory antibodies because they stabilize
integrin in their active forms. The ligand mimetic antibodies belong to inhibitory antibodies
since they block ligand binding. However, stimulatory antibodies are not necessarily anti-
LIBS and inhibitory antibodies are not necessarily ligand mimetic, for example, N29
strongly stimulates cell adhesion but ligand binding does not influence the expression of
this epitope (114). Similarly JB1A inhibited cell adhesion, but its epitope is located far
from putative ligand binding sites (115). Thus regulatory roles of different antibodies and
their epitopes in integrins may be very complicated, identifying their individual epitopes
may contribute to understanding integrin conformational transition.

Three anti-LIBS binding sites on B, and B, chain have been identified in different
laboratories before and during this study (37). The epitopes of anti- B; monoclonal
antibodies AP-5 and D3GP3 were localized in residues 1-6 and 422-490, respectively; the
epitopes of another group of anti-LIBSs (i.e. P41, LIBS-2, -3, and -6) are localized between
residues 602-690 of the B, chain. In comparison to B; integrin, most of the information
about B, chain LIBS sites appeared only in the last a few years. The epitopes of 8A2 and
12G10 were localized in residues 207-218; The epitopes of 15/7, HUTS-4, -7, -21 and B44
(in this study) were localized in residues 354-425; and epitope of 9EG7 was localized in
residues 495-602. Thus although significant homology between B, and B, chains, exists
three separate CLIBS sites on the B, chain do not overlap with three different CLIBS sites

on the B; chain (37).
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Several inhibitory epitopes were localized within I-like domain, which may
compete directly with binding of ligands to integrin (see above). However, some inhibitory
antibody may bind other sites. For example, although the epitope of inhibitory monoclonal
antibody 13 (mAb 13) is attenuated by ligand occupancy, the concentration of ligand
required for half-maximal inhibition of antibody binding is independent of antibody
concentration (116). Thus the ligand may acts as an allosteric inhibitor of mAb 13 binding,
1.e. mAb13 does not compete directly with ligand for integrin binding, in other words,
mAb13 epitope may be not a ligand-binding site. My results also indicated ligand
occupancy could enhance B44 epitope (CLIBS) exposure, but did not affect inhibitory
epitopes such as JB1A and 3S3 (114). Hence, inhibition by many inhibitory antibodies may
be through an allosteric mechanism rather through competition with ligand binding.
Unfortunately, the precise epitopes of many inhibitory antibodies are not known. In
addition, many epitopes localized with chimeric integrins or mutations can not distinguish
between whether a certain region is just “involved” in epitope formation from whether a
certain region itself is the epitope, this is a potential problem associated discontinue epitope
mapping.

It is interesting that a cluster of stimulatory and inhibitory antibodies recognizes the
same region of residues 207-218 of the B, chain (111). This region is located between two
conserved regions and is immediately before the second conserved region. This region is
on one of the outer alpha helices of the Rossman fold formed by I-like domain, (see figure
1.33a). The fact that both stimulatory and inhibitory antibodies recognize this region
suggests that this region is highly dynamic and may exist in different conformational states,

reflecting inactive, active, or ligand-occupied conforms of the B3, integrin.



In summary, studies on integrin structure and function with monoclonal
antibodies have demonstrated that monoclonal antibodies are powerful probes to monitor
integrin activation states; mapping regulatory antibody epitopes has provided some
insights into the structure basis of integrin conformational transition. Some antibodies
(such as 7E3) have been demonstrated to be useful in clinical approaches to manipulate
integrin function in patients (117). In addition, our results suggest that monitoring
different epitope expressions might help to design and evaluate new integrin related drugs
(e.g. Bacitracin), which may be used for immune-regulation, inflammation control and

tumor therapy.

1.6 Objectives of the study

Integrins can be expressed in at least two or three different functional states on the
cell surface. The conformational transitions from one state to another which control cell
adhesion and deadhesion are of important physiological significance. However, the
molecular and structural bases of integrin conformational change are currently unclear.

We have attempted to begin to address this question using three groups of
monoclonal antibodies (mAb) against human B; integrin, which were produced in our
laboratory. The groups are: (1) stimulatory mAbs such as N29, B44 and B3B1 1, which
enhance ; integrin binding to their ligands. (2) Inhibitory mAbs such as JB1A and 383,
which block ; integrin dependent cell binding to their ligands. (3) Neutral mAbs such as
JB1 and 6F4, which do not affect adhesion. It was questioned whether the localization of

the epitopes which these mAb recognize could provide information about ligand binding
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sites or the regions involved in the control of the transition from the Inactive to the active

state.

Specific aims:

1. To map regulatory epitopes using several molecular biological and

immunological methods.

2. To monitor the expression of these epitopes in different functional states of

[}; integrins.

3. To examine the role of disulfide bonds in 8, integrin structure and

function.
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CHAPTER 2: MATERIALS AND METHODS

Materials:

Unless otherwise indicated all chemicals were purchased from Sigma Chemicals, St.
Louis, MO. Media and fetal bovine serum were obtained from Gibco Life Sciences,
Burlington, ON. Fibronectin was obtained either from Gibco Life Sciences or Chemicon
Intl., Temecula, CA. Biotin-BMCC was purchased from PIERCE, Rockford, IL . O-
Sialoglycoprotein Endopeptidase was obtained from Cedarlane Laboratories Ltd, Hornby,
ON. Custom synthesized peptides were purchased from Chiron Mimotopes Peptide
Systems, Emeryville, CA and from Research Genetics, Huntsville, AL. Oligonucleotides
were synthesized with Bio-Rad oligonucleotide synthesis system, Department of Medical
Microbiology, Univ. of Manitoba and purified according to manufacturer’s instruction.
Phagemid pBS (+) was obtained from Stratagene, La Jolla, CA. Expression vector pET-
14b and competent Escherichia coli BLR(DE3)plyss strain were purchased from
Novagen, La Jolla, CA. DNA restriction endonucleases were purchased from Gibco
BRL. The 15-mer and 26-mer random phage peptide display libraries were provided by

Chiron Corporation, Emeryville, CA.

Monoclonal antibodies B44, 13B9, N29, B3B11, JB1B, 21C8, JBI1, 6F4, IB1A, C30B,
DI1B, 353 were generated from this laboratory as described before (118-122, 114, 115).
Stimulatory monoclonal antibodies A1AS and TS2/16 were provided by Dr. M. Hemler,
Dana-Farber Cancer Institute, Harvard University. These two antibodies recognize the
region of residue 207-218 (114). Stimulatory monoclonal antibody HUTS-21 was

provided by Dr. Sanchez-Madrid, Universidad Complutense, Madrid, Spain. Stimulatory
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monoclonal antibody 15/7 was provided by Dr. T. Yednock, Athena Corp, LA, CA.
These two antibodies recognize the LIBS (ligand-induced binding site) of residue 355-
425 (114). Inhibitory antibody AIIB2 was provided by Dr. C. Damsky, UCSF, CA. This
antibody recognizes an epitope dependent on residues 207-218 of the 81 chain(114).

Some properties of antibodies are shown in Table 2.1.

The human cell lines Jurkat (T Leukemia), IM9 (B cell) and K562 (erythroleukemia)
were obtained from ATCC, Rockville, MD. Cell lysates of Chinese Hamster Ovary cells
(CHO) transfected with human/chicken and human/mouse chimeric B3; integrins were

provided by Dr. Y. Takada, Scripts Institute, La Jolla, CA.

Table 2.1: Summary of Antibody Properties and Competitive
Blocking Studies

S = Stimulatory Monoclonal Antibodies, I = Inhibitory Monoclonal Antibodies
+, > 80% and -, <10% inhibition of binding of labeled antibody by 20ug/m] of
competitor antibody
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Methods:

Cell adhesion Assay: The assay was performed as previously described (115).
Non-tissue culture treated microtiter wells were coated with purified plasma fibronectin
(5ug/ml) in bicarbonate buffer at 4°C overnight. The wells were washed and blocked
with 1% BSA in RPMI-1640. Jurkat cells were washed twice with RPMI-1640 and
incubated with the stimulatory agents at the indicated concentrations at room temperature
for 30 minutes. The cells were then added to fibronectin or BSA coated wells 2x10°
cells/ well) and incubated for 60 minutes at 37°C. The non-adherent cells were removed
by centrifugation of the inverted plates for 5 minutes at 70x g and the supernatants were
removed. The adherent cells were fixed and stained for 60 minutes with 0.5% crystal
violet in a 30% solution of methanol in water. The plates were washed with water to
remove unbound dye. The residual dye was solubilized in methanol and the absorbance at
550 nm was determined.

In the case of examining the effects of different divalent cations on cell adhesion,
cells were washed twice with Puck’s saline (KCl 0.4g, NaCl 8.0g, NaHCO; 0.35g, D(+)
Glucose 1g, and Phenol Red 0.005g were dissolved in H,O to 1 liter) and incubated with
different divalent cations in Puck’s saline at the indicated concentrations at room
temperature for 30 minutes. The cells were then added to fibronectin or BSA coated wells
and adhesion assay was performed as described above. To examine the effect of reducing
agent on cell adhesion, cells were incubated with the indicated concentration of DTT in
RPMI ~1640 at room temperature for 30 minutes, cells were then washed twice to

remove the DTT prior to their addition to wells.
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Flow cytometry analysis:

Cells were preincubated with the indicated stimulant at room temperature and then
incubated with the indicated antibody (5 pg/ml) for 30 min at 37°C. The cells were
washed twice with PBS buffer and incubated for 60 min at 4 °C with a fluorescein
isothiocyanate-labeled goat anti-mouse immunoglobulin (Chemicon, CA). All assays
included cells incubated with the second antibody alone as a control for nonspecific
binding. Fluorescence analysis was performed with a BD FACScaliber. To examine the
expression of regulatory epitopes in the different divalent cations and DTT, cells were
washed and suspended in the same condition as cell adhesion assay. In some cases, FACS
protocol had to be modified, in these cases, the individual methods were described in

Chapter 3.

Peptide ELISA and peptide competitive ELISA:

Peptides were suspended at 10pg/ml in 0.1% dimethyl formamide in water and
allowed to dry overnight, 0.5ug/well, in Nunc Maxisorb plates. The plates were washed
three times with 0.5% Tween 20 in TBS (0.15M NaCl, 50mM Tris-HCI, pH 7.5) and
blocked for 2 hours at room temperature with 2% BSA in TBS. The indicated antibodies
(5pg/ml) were added to the wells, and the binding was quantitated using an alkaline
phosphatase conjugated anti-mouse IgG and substrate. In the case of biotinylated
peptides, avidin was first suspended at Spug/ml in water and allowed to dry overnight,
0.5pg/well, in Nunc Maxisorb plates. After washing and blocking, biotinylated peptides,

100pM, were added to each well and ELISA was performed as described above.
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Peptide competitive ELISA were performed by preincubating antibodies (150
ng/ml) with the indicated peptide concentration in either room temperature for 2 hours or
4°C overnight. The antibodies were then added to Nunc plates coated with affinity-
purified human placental B; integrin. The color was developed with alkaline phosphatase-

conjugated rabbit anti-mouse IgG and substrate as described above.

Expression of NH; terminal peptide of human 8; chain in E.coli:

To localize the N29 epitope, a fusion protein, which contains residues 1-57 of the
Bichain, was expressed in the pET-14b expression vector (Novagen) in E. coli.
Polymerase chain reaction (PCR) amplifications were performed with the B;chain primer
pair GTGAATTCATATGCAAACAGATGAAAATAGATG (5 primer)
IGAGGATCCATATGTCATGGAGGGCAACCCTTCTTTT (3’ primer) (DNA
sequence of f3;chain were bolded here) using the plasmid from clone B10S, which
contains the first 105 aa of the human integrin B8,chain and which can be recognized by
monoclonal antibody N29. The products were digested with restriction enzymes EcoRI
and BamH]I, ligated into pBS(+) phagemid to introduce an restriction enzyme Ndel
digestion site (Stratagene, La Jolla, CA). The recombinant phagemid was expanded,
purified, and digested with Ndel. The B;fragment was purified and ligated to the
expression vector pET-14b. The resulting insert was predicted to code for residues Gln'
through Pro’’ of the mature Bchain. The corresponding fusion protein was expressed in
the competent £.coli BLR(DE3)plyss strain, purified with Ni%* columns, and visualized
by 15% SDS-polyacrylamide gel electrophoresis (PAGE) gel by Coomassie Blue staining

or immunoblotting with the indicated antibodies.
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2.1 Localization of regulatory epitopes with random phage peptide display libraries:
The M13 phage based random peptide display library CMCC#3858 (15-mer) and 26-mer
library was provided by Chiron Corporation. In these libraries, 45 or 78 base pairs of
random synthetic oligonucleotides were inserted into gene III of phage M13 (Figure 2.1).
Thus 15-mer or 26-mer peptides were displayed on the phage surfaces as a gene III

fusion protein (123).

Phage expressing the appropriate gene III fusion protein can be recognized and isolated

by the corresponding monoclonal antibody (Figure 2.2). The resulting phage can then be

purified and analyzed (123).
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- Figure 2.1
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Figure 2,2
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Phage selection: Clones were selected by incubating 10" pfu phage in 1 ml of PBS with
1 g of biotinylated monoclonal antibodies (e.g. JB1A, B3B11 and 383) for 15 minutes
with shaking. 20 ul of streptavidin conjugated magnetic beads (Dynal Inc., NY) were
then added to the phage antibody mixture and incubated for an additional 30 minutes with
shaking. The beads were magnetically collected and washed 8§ times (Iml per wash) with
PBS containing 0.1% BSA, 0.5% Tween 20. The phage were eluted from the beads in

100 pl of 0.1M glycine-HCI, pH 2.2, 0.1% BSA for 5 minutes. The beads were removed

and the supernatant was neutralised with 9 pl of 2M Tris pH 8.0.

Phage titration: The eluted phages were titered with MV 1190 E.coli cells. This step
includes 1) Culture MV1190 in 10 ml LB medium at 37°C, (shake at 270 rpm) for about
6 hours to obtain fresh host cells. 2) Dilute eluted phage (10 to 10"! dilutions) in 200 ul
volume with freshly prepared host cells in 96 well non-tissue treated culture microtiter
plate (Flow Laboratories, Inc. Mclean, VA). 3) Mix 100 pl of diluted phage with another
100 pl of host cells and spot (20 ul/spot) this mixture on 1.5% LB medium agar plates
(150x15mm, Fisher Scientific) and incubate at 37°C overnight. 4) Determine the titration
of phage elution by counting the number of plagues on LB agar medium from this 20 pl

mixture.

Phage amplification: For amplifying eluted phage, 200 pl of 6 hours cultured MV1190
cells were mixed with each individual 50 pl phage elute and incubated at 37°C for 15

minutes. This mixture was then added to 3ml melted (55°C) 0.7% agarose and
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immediately poured on a 1.5% agar LB plate. The phage was amplified at 37°C

overnight.

Phage purification: 5ml of sterilized TBS (0.15M NaCl, 50mM Tris-HCL, pH 7.5) were
added to each plate and the plate was shaken gently for at least 4 hours to elute phage
from LB plate. The TBS phage solution was collected and centrifuged at 13,000 rpm for
5 minutes to remove bacteria and debris. The supernatant was mixed with 0.15 volume
PEG/NaCl and the phage was allowed to precipitate in 4°C for at least 4 hours. The phage
were pelleted at 13,000 rpm and dissolved in fresh TBS for re-precipitation. Following a
second precipitation the pellet was re-dissolved in 100 ul TBS for titration and for the

second round of antibody selection.

Isolation of individual phage clones: After the 3rd round of antibody selection,
individual plaques were isolated on LB agar plates. Individual plaques were picked with a
Pasteur pipette and stored in 1ml TBS and shaken overnight at 4°C to elute phage from

agarose and agar. 100pl supernatant of each plaque was used for amplification.

Phage ELISA: Individual clones were amplified and purified as above. For phage
ELISA, PEG/NaCl re-precipitated phages were dissolved in 100 pl 0.15M NaCl and
further precipitated with 11ul 1M acetic acid at room temperature for 10 minutes and on
ice for another 10 minutes. After centrifugation, the phage pellet was dissolved in 500 pl

TBS.
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The phage was then coated in ELISA plate at 3x 10™ phage/100 pl/well in 4°C
overnight. The excess phage was removed and the wells were washed and blocked with
Blotto solution (5% non-fat milk, 0.02% NaN; TBS). After washing 4 times with TBST
(0.5% Tween 20, TBS), 100 pl/well antibody (5pg/ml) was added and the reaction was

monitored with 1:500 diluted anti-mouse IgG HRP conjugate.

Phage DNA isolation: 200 ul of purified phage (about 2x 10'%) were mixed with 100 ul
Tris-HCI saturated phenol and vortexed twice. The aqueous phase was separated by
centrifugation at 13,000rpm for 1 minute and transferred to 600 ul Alcohol/Na Acetate
(absolute alcohaol/3M NaAc = 25:1). Phage DNA was precipitated in 4°C overnight.
DNA pellet was washed once with 70% alcohol and air dried. This DNA sample was
dissolved with 15 pl sterilized ddH,0 and analyzed by electrophoresis in 0.7% agarose

gels and used for template of DNA sequencing.

Phage insert DNA sequencing: The protocol was based on instructions for the double
strand DNA sequencing kit (BRL/Gibco). 6 steps were involved in this protocol, they are
1) End-labeling of primer with [y-> 2P] ATP, 2) Prereaction mixture, 3) Sequencing
reactions, 4) Incubation in a thermal cycler, 5) Termination of PCR reaction, 6) Gel
electrophoresis. The oligonucleotide sequence of gene I1I: ACA GAC AGC CCT CAT
AGT TAG CG was used as primer (124). [y->*P] ATP and X-ray films were respectively
purchased from Amershan and Kodak. X-ray films were developed in either a Kodak or

Fuji automatic X-ray film developing system.
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The procedures of mapping antibody epitopes with random peptide display libraries as

shown on Figure 2.3.

Figure 2.3:

The procedures of mapping antibody epitope with random peptide
display libraries
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2.2 Labeling free sulfhydryls of human B; integrins with biotin-BMCC (1-
biotinamido-4-[4’-(maleimidomethyl)-cyclohexane-carboxamido] butane) on cell

surface.

The reducing agent dithiothreitol (DTT) induces platelet aggregation (87) and B, integrin
activation (114) suggesting a possible regulatory role for disulfide bonds in integrin
function. To further investigate the role of disulfide bonds of B; integrin, both adhesive
(Jurkat) and non-adhesive (IM9) cells or the same cells following treatment with DTT,
EDTA or Mn*" were labeled with biotin-BMCC. BMCC contains a maleimide group that
is highly specific for free sulthydryls. This reagent is membrane impermeable. The

chemical structure of biotin-BMCC is shown below.

0

|
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Labeling cells with biotin-BMCC:

IM9 cells and Jurkat cells were washed twice with Hank’s balanced buffer (Gibco Life
Sciences) and suspended in Hank’s buffer at 2 x 107/ml (IM9) and 1 x 10"/ml (Jurkat).
Each type of cell was aliquoted into 4 tubes (Sml/tube) for different treatment i.e.10mM

EDTA, 2mM Mn*", 10mM DTT, and untreated control. After treatment at room
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temperature for 30 minutes, biotin-BMCC dissolved in DMSO was directly added to each
tube at a concentration 1 uM except in the case of DTT treated cells which were washed
3 times to remove excess DTT before biotin-BMCC labeling. The labeling reactions were
kept in the dark at room temperature for 2 hours. The BMCC labeled cells were washed
three times with PBS containing 10% DMSO to remove excess biotin-BMCC. The cells
were then lysed with cell lysis buffer (10 mM PBS pH 7.4, 1% NP-40, and 1 mM PMSF)

on ice for 30 minutes and —20°C for overnight.

Western blot analysis of biotin-BMCC labeled integrins:

The supernatant of 400 ul cell lysate/each treatment was immunoprecipitated with 50ul
JBIA coupled Sepharose 4B beads at 4°C overnight. After 4 washes, the bead-bound
materials were treated with SDS gel-loading buffer (50mM Tris.Cl pH 6.8, 100mM DTT,
2% SDS, 0.1% bromophenol blue, and 10% glycerol) and separated on an 8% SDS
PAGE gel in Tris-glycine electrophoresis buffer (25mM Tris, 250 mM glycine pH 8.3,
0.1% SDS) and electrotransferred to nitrocellulose membranes in transfer buffer (39 mM
glycine, 48 mM Tris base, 0.037% SDS, and 20% methanol). The membrane was blocked
with 1% BSA buffer A (200 mM NaCl, 100 mM Tris-Cl, pH 7.5) overnight and washed
once with 0.05% Triton X-100 buffer A. The membrane was then incubated with 1:4000
diluted avidin-alkaline phosphatase in antibody diluted buffer (buffer A plus 0.1%BSA,
0.05% Triton X-100, 0.05% NaNjs) at room temperature for 1 hour. After washing 3 times

with washing buffer (0.05% Triton X-100 buffer A) and once with buffer C (100 mM
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NaCl, 49 mM MgCl,, 100mM Tris-Cl, pH 9.5), the color was developed with NBT and

BCIP.

Digestion of human B, integrin with O-sialoglycoprotein endopeptidase:

Human purified 81 integrin 10l (about 20ug) was boiled 5 minutes and then
digested with 20pl (2.4mg/ml) O-sialoglycoprotein endopeptidase at 37°C overnight.
Protein fragments were separated by 10% SDS-PAGE under reducing condition and
transferred to nitrocellulose membranes. The membranes were first blocked with 1%
BSA buffer A (200 mM NaCl, 100 mM Tris-Cl, pH 7.5) at room temperature for 1 hours.
The membranes were then incubated with biotinylated B44 or JB1A (1pg/ml) in antibody
diluted buffer (buffer A plus 0.1%BSA, 0.05% Triton X-100, 0.05% NaNs) for 2 hours,
and subsequently were incubated with 1:2000 diluted avidin-alkaline phosphatase for 3
hours. After each step, the membranes were washed 3 times with TBST. The color was
developed with NBT and BCIP as described above. Purified human B1 integrin treated

with 20ul PBS was used as a negative control.
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CHAPTER 3: RESULTS

3.1. GENERAL INTRODUCTION OF THIS STUDY

Integrins can be expressed in different functional states on the cell surface (i.e.
inactive and active or ligand occupied conformations)(100). Although the physiological
significance of conformational transitions from one state to another has been gradually
understood, the structural bases for integrin conformational change are currently unclear.

Different techniques, such as electron microscopy and x- ray crystallography have
been used to address this question. Electron microscopic images suggest that the o and
subunits interact with each other, and form a globular structure near their NH,- termini. A
model based on this profile suggests that these globular structures contain the ligand
binding site (1); X-ray crystallography has provided a three-dimensional structure of the I
domain of oy, (CD11a) and o, (CD11b) chains (50, 52) and it has been suggested that all B
subunits contain I domain-like structures (50). However, the crystal structures of the intact
o or B chain and integrin heterodimer are not available at present. In fact, because of the
inherent limitations of these techniques, it has not been possible to determine the
conformations of integrin molecules in different functional states. Monitoring antibody
epitope expression patterns has provided an alternate approach for examining the dynamics
of B3 integrin conformational changes (125-129). In contrast, information about the B3
integrins was considerably less well developed when this project was initiated, despite the
fact that members of the B; group represents the largest subfamily of integrins.

Previous investigations in this laboratory have generated monoclonal antibodies

against human integrin B; chain. Depending on their effects on Jurkat cell adhesion to
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fibronectin, these antibodies can be divided into three groups (i.e. stimulatory, neutral, and
inhibitory) (114, 122). As shown in Figure 3.11, antibodies B44, N29 and B3B11 enhance
cell adhesion to fibronectin, while antibodies JB1A and 3S3 block this process. These
results raise several important questions: How do these antibodies influence cell adhesion?
Where are their binding sites i.e.  epitopes”? Does their epitope expression depend on the
functional status of 8, integrins, or in another words, can these epitopes provide some
insights into B, integrin conformational transition at the structural level? And finally, can
these epitopes provide some guidance in drug design in order to control cell adhesion and

inflammation?
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Effects of Regulatory mAbs on Jurkat cell adhesion
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Figure 3.11. A comparison of the effects of antibodies to f3, integrin on Jurkat adherence to JSibronectin. Cells
were pre-treated with the indicated antibodies for 30 minutes and assessed for their adherence to immobilized
Jibronectin (5 ug/ml) (see method in chapter 2). The absorbance of untreated Jurkat cell adhesion is
considered as 100%. The results are the mean of triplicate assays and they are representative of one of three
experiments. The SEM was less than 10% of mean.
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To map these regulatory epitopes, several molecular biological and immunological
methods were employed in this study. 1) Screening random peptide phage display
libraries; 2) PCR amplification and expression in E.coli of integrin derived peptide
sequences 3) Western blot analysis of human /chicken and human /mouse B;chimeric
proteins; 4) Peptide ELISA. In order to monitor the epitope expression in different
functional states of B; integrins, adherent, non-adherent cells and cells activated by
different stimuli were used. The adherent cells included Jurkat cell (T cell) and K562 cell.
The non-adherent cells included IM9 (B cell) and peripheral blood lymphocytes. The
stimuli used in these studies included divalent cations, PMA, the reducing agent DTT, or
anti-CD3 antibody that induces T cell adhesion by triggering T cell receptor mediated
signaling events. Epitope expression levels were quantitated either by FACS or by antibody
mediated cell capture assays.

Using these methods, three distinctive stimulatory epitopes (i.e. N29, B44, and
B3B11) and two different types inhibitory epitopes (i.e. JB1A and 3S3) have been
localized. The regulatory roles of -NH2 terminal cysteine rich domain (residue 15-5 5),
residue 82-87, residue 355-425 and residue 636-705 and the possible contributions of
disulfide bonds and O-linked carbohydrates to integrin functionality were suggested by

these studies.

3.2. LOCALIZATION OF REGULATORY EPITOPES

3.21. Localization of N29 epitope
Several molecular techniques such as NovaTope libraries and phage peptide display

libraries were used to map regulatory epitopes in this laboratory. These systems usually
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are not able to localize carbohydrate or discontinuous epitopes because the host cells are
prokaryotic bacteria, i.e. E. coli, in which protein folding and posttranscriptional
carbohydrate modification can be different from eukaryotic human cells.

The N29 epitope was expressed on adhesive cells (such as Jurkat and K562) but its
expression level on non-adhesive cells (such as IM9 cells and peripheral blood
lymphocytes) was significantly lower (see following study in this section). Previous
studies had demonstrated that the epitope was detected by western blot analysis under
reducing conditions. This raised the possibility that this epitope is a cryptic, linear epitope
in nonadhesive cells rather than an activation dependent discontinuous epitope. To
address this question, cell lysates from Jurkat and IM9 were analyzed with JB1A and
N29 in a western blot analysis. B, integrins chains of both Jurkat (adhesive) and IM9
(nonadhesive) express the N29 epitope under reducing conditions (Figure 3.21a). Thus
N29 epitope is a linear or continuous epitope on human integrin B;chain which is
apparently only accessible on the cell surface under certain conditions (i.e. active form of
Biintegrin, see the following discussion). This result suggested that those molecular
approaches used in the laboratory might be useful to identify this epitope if it is not a
carbohydrate dependent epitope. That 3y chain band of IM9 cells is wider than that of
Jurkat cells may result from different carbohydrate post-translation modifications

between this two types of cells.
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97 .4 —»

Blot with JB1A Blot with N29

Figure 3.21a. Western blot analysis of the human integrin chain using N29 and JB1A monoclonal
antibodies. Ix 10° cells/ml were lysed in PBS containing 1% NP-40, ImM PMSF. 200ul supernatants of
each cell lysates were immunoprecipitated with 50ul JB1A beads (containing 200ug JBI1A). JBIA beads
and integrin complexes were then mixed with SDS DTT loading buffer and heated at 100 °C Jfor 3 minutes.
Immunoprecipitated proteins were separated in 8% SDS PAGE gel and transferred to nitrocellulose
membrane. JBIA and N29 epitopes were detected by individual monoclonal antibodies and rabbit
antimouse IgG alkaline phosphatase conjugate. Color was developed with NBT and BCIP.
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Localization of N29 epitope to residue 15-55 of integrin ; chain

Screening a B; epitope library identified a single N29 reactive clone, B105, (Anli Li
data not shown). DNA sequencing of B105 indicated that this clone contained the first
105 residues of the B;chain plus an unknown source of 60 residues in its NH2- terminus.
These 60 amino acids are not encoded from the immediate 5 insert plasmid. Since this
clone was also recognized by JBIA which recognizes residue 82-87 of the B,chain (see
section 3.22), this suggested that the recombinant protein was in the correct reading
frame. Thus the N29 epitope was in either the first 105 aa of B,chain or the NH2-
terminal 60 aa of B105 clone. Previous studies had determined that N29 did not
recognize residues 55-105 (Caixia Shen data not shown). Therefore, it was likely that
N29 epitope was located in the first 55 aa of B;chain.

To localize the N29 epitope, a fusion protein, which contained residues 1-57 of
Bichain, was expressed in a pET-14b expression vector (Novagen) in competent E. coli
BLR(DE3) plyss strain and purified with Ni** columns(see Materials and Methods in
Chapter 2). The fusion protein was analyzed in 15% SDS-PAGE gel and western blot
with N29 antibody. As indicated in Figure 3.21b, N29 specifically recognized this fusion
protein (indicated by the larger arrows). Thus, N29 epitope is located in the first 55 aa of

integrin B3,chain.
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Figure. 3.21b

Figure 3.21b. The expression and reactivity of the 8,1-57 fusion protein. Panel A, Coomassie Blue-stained
SDS-PAGE gel; Lane 1, no vector; lane 2, vector only; lane 3, vector plus insert uninduced; lane 4-6,
isopropyl-1-thio- 3-Dgalactopyranoside-induced cells containing the f$;chain 1-57 insert at 1, 2, 3 hours
post induction. The arrow indicates the location of the fusion protein. Panel B, a Western blot of a replicate
of panel A stained with N29. Panel C, lanes 1 and 3 contain purified fusion protein, lanes 2 and 4 contain a
gonococcal porin (1b) fusion protein produced in the same vector as a control. Lanes I and 2 were reacted
with N29; lanes 3 and 4 were stained with Coomassie Blue.
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Considering that the stimulatory antibody AP35 recognizes residues 1-6 of B3 chain
(129), it was questioned if the N29 recognized the homologous region of the B;chain. An
examination of a peptide containing the first 14 aa from B, chain clearly demonstrated
that N29 does not recognize this sequence (Figure 3.21 ¢). Therefore, N29 epitope is
located between residue 15-55, a cysteine rich domain of the human integrin B;chain. It
may be noteworthy that this region is adjacent to the long-range disulfide bonds (Cys’-
Cys***) and close to the epitope recognized by the inhibitory antibody JB1A (residues 82-

87 see below).
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Figure 3.21c. The specificity of antibody binding to the fusion protein 1-57. A. The binding of B3B11,
JBIA, and N29 to immobilized fusion protein 1-57 or to purified native f3; integrin were compared in an
enzyme-linked immunosorbent assay. B, the capacity of fusion protein 1-57 to block the binding of the
indicated antibodies to immobilized purified 3, integrin. The effects of a synthetic peptide-containing
residue 1-14 on N29 binding were also determined.
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3.22. Localization of epitopes of JB1A group antibodies

The studies in this laboratory have previously demonstrated that inhibitory
antibodies JB1A, C30B, and D11B can each inhibit the binding of one another to the cell
surface (Stupack DG, data not shown). However, none of these antibodies was able to
block the cell binding of the inhibitory antibody 3S3. Thus, at least two different groups
of inhibitory antibodies have been classified in this laboratory. Since the JBI1A group of
antibodies recognizes continuous epitopes, it was speculated that their epitopes might be

close to each other.

Localization of epitopes of JB1A group antibodies to residue 82-87 of integrin
B3 chain:

Screening of an epitope library (NovaTope library), localized the JB1A epitope
between residues 61-93 of B;chain (Shen C, data not shown, please see the Figure 2 of the
appendix of published paper II). Subsequent screening of a 15 mer random peptide phage
display library determined that JB1A recognized a major motif (i.e. an aa sequence that
was represented in most of phage clones) S/TxxKLK (potentially corresponding to f;
sequence TAEKLK, i.e. residue 82-87) and a minor motif TxxKLR (potentially
corresponding to B3 sequence TPAKLR, i.e. residue 179-184) (Hunt N, data not shown).
The major and minor motif were determined by the frequency of phage clones isolated by
JBIA (see the Figure 3 of the appendix of published paper II).To further identify the
JBIA epitope, synthetic peptides biotin-SGSGTAEKLK and biotin-SGSGTPAKLR were
used, and examined by ELISA for their binding of the JB1A group of antibodies. Figure

3.22a shows that JB1A recognizes TAEKLK, but the affinity for TPAKLR is very low.
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Surprisingly, C30B and D11B also recognized the former 6 aa. Peptide inhibitory ELISA
(i.e. preincubation of antibodies with TAEKLK or control peptides) further confirmed
that peptide TAEKLK blocked this group of antibodies but did not affect the binding of
other inhibitory antibodies such as 3S3, AIIB2 binding native B,integrin (Figure 3.22b
&c¢). Thus, the JB1A group of antibodies recognizes the same residue TAEKLK (residue

82-87) which were close to the stimulatory N29 epitope.
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Fig.3.22a The binding of anti-B, monoclonal antibodies to peptides containing the predicted JB1A epitopes. The binding of JB1A, C30B,
D11B, and B3BI11 to the peptides, TAEKLK (82-87) (solid bar), and TPAKLR (179-184) (open bar) identified respectively by the major
and minor consensus sequences in the random peptide phage library isolates. Antibody B3B11 has previously been shown to bind to a
peptide corresponding to residues 657-670 .
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Figure 3.22b
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Fig. 3.22b The effects of B1 peptide 82-87 on antibody binding to purified 1 integrin. Antibodies were mixed with the
indicated concentrations of peptide, incubated and assesed for their residual binding to immobilized purified f1 integrin.
The antibodies JB1A, C30B, and D11B were inhibited from binding to the integrin, in contrast B3B11 binding was not
influenced.
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Figure 3.22¢
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3.23. Localization of 3S3 epitope with a 26-mer phage peptide display library:

333 is one of the strongest inhibitory antibodies. It recognizes a discontinuous
epitope on B integrin (Wilkins JA et al, data not shown). Both the NovaTope library (Li
A, data not shown) and 15mer-phage peptide display library (did by myself) failed to
provide information of its epitope. However, screening of a 26mer-phage peptide display
library with biotinylated 3S3 resulted in the isolation of several clones. Sequencing of 21
clones revealed that 18 clones were identical. These 18 clones have slightly higher O.D.
values than other clones and wild type M13 in a phage ELISA although all O.D. values
less than 0.06 (O.D. value > 0.1 was usually considered as a positive signal in our phage
ELISA) (data not shown). Figure 3.23a shows the insert amino acid sequence of the

dominant isolates (18 out of 21 isolates).

Figure 3.23a

Amino Acid Sequence Deduced from Insert of 3S3 Phage

25" 227"
GCGWSPEGCAVRAGRTLSRPVILEKRDYOQ

oooooooooooooooooooo

3S3 Epitope?

" indicated the residue 25 and 227 of the J3; chain

The sequence of SPEG is present in the second conserved region of integrin B

chain that may be homologous to one of suggested ligand binding sites in 85 chain (53).
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Furthermore, the SPEG homologous region in 33 chain immediately follows a region that
is involved in an intra chain interaction (130). In order to address a possible role of this
conserved region in adhesion, it was examined for its capacity to block Mn?" activated
IM9 cell adhesion to fibronectin. My preliminary data showed that both the first
(D"*YPIDLYYLMDLSYSMKDDL'*%) and the second
(I**'SGNLDSPEGGFDAIMQVAVC?!) conserved regions were able to block cell
adhesion (Figure 3.23b). Therefore, the reasons for 3S3 blocking cell adhesion may be
its occupancy of the ligand-binding site and/or obstructing the B integrin from forming

the ligand-binding pocket.

Effects of conserved region 1 (P1)
and 2 (P2) on IM9 cell adhesion

0.D. 540nm

control P1 P1 control P2 P2

Figure 3.23b. The effects of two-conserved region peptides on IM9 cell adhesion. IM9 cells were
pretreated with 2mM Mn’* and 50uM peptide from conserved region 1(P1) or 2 (P2) at room temperature
Jor 30 minutes. Cells were then added to fibronectin coated plate at 37°C for 60 minutes. Adherent cells
were stained and quantitated as described in materials and methods. Control P1 and control P2 represent
cells treated with same amount of H,O or DMSO of experimental groups (P1 was dissolved in H,0 and P2
was dissolved in DMSO). Means of six wells/each group were presented.
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3.24. Detailed localization of epitopes of B3B11 group antibodies

The B3B11 group of antibodies (B3B11, JB1B and 21C8) are stimulatory. Because
they are capable of inhibiting each other in cell binding assays, their epitopes may be
close to each other. B3B11 and JB1B epitopes are not lost upon reduction suggesting
they be linear epitopes (Wilkins JA et al, data not shown). These two epitopes have been
localized to the membrane proximal region of the B,chain (636-705) with the NovaTope
library (ref. 122,Caixia Shen and Anli Li data not shown, see the appendix of published
paper I). The B3B11 epitope was further localized to residues 657-670 with peptide

ELISA and peptide competitive ELISA (Figure 3.24a &b).
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Figure 3.24a & b
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Fig.3.24a The reaction of anti By antibodies with synthetic pep-
tides corresponding to the B8B11 epitope of 8,. Three overlapping
peptides corresponding to residues 636—649 (P1), 646—659 (P2), and
657670 (P3) were examined for their reactivities with JB1B, B3B11,
and 21C8. These fragments spanned the entire sequence of the B3 clone
isolated from the epitope fusion library (ref. 122),
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Fig.3.24b. Competitive inhibition of B3B11 binding to purified B,
by P8. B3B11 was preincubated with peptides 1 (¥), 2(V), or 3 (@) and
assayed for residual binding to immobilized purified B, integrin. The
effects of P3 on JBIA (O) were also determined.



Further localization of B3B11 epitope with a 15mer phage peptide display
library: To identify B3B11 epitope, a random peptide phage display library was
screened with biotinylated B3B11. After a three rounds of selection, individual isolates
were amplified and 10 out of 19 selected isolates showed significant reaction with B3B11
in phage ELISA (Figure 3.24¢). DNA sequencing indicated all these positive phages
have the same insert peptide (Figure 3.24d). Comparison of the phage insert and the 1
amino acid sequences indicated the pentameric peptide PQPVQ of the phage insert exists
in the Bychain (residue 660-664), NovaTope library positive clones and the positive
peptide. The synthetic peptide KLPQPVQPD (residue 658-666) is able to block
B3B11/native B;chain interaction (Figure 3.24¢). Thus, residue 660-664 is the core of the

B3B11 epitope.
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Figure 3.24c

Figure 3.24c. Comparison of the binding of B3B11 and C30B to B3B11 immunoselected phage. 3x 10"
individual cloned phage firom three rounds of immunoselection were coated onto microtiter wells. The
indicated antibodies (5ug/ml) were added and the binding was quantitated using a peroxidase-rabbit anti
mouse IgG conjugate. 10 out of 20 clones specifically recognized by B3B11. The O.D. values of clone 8
and 12 were less than other positive clones might result from the different amount of phage were coated.
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Figure 3.24d

Clone No. Sequence
1,3,7,8,9,10,12,13,14,16 T | HHP QPV Qac L s mMpPN
4,515 ' F NVKKLLTFAI P L V V
18,19 LNRT WS WL SPFGR RNV
2 S NPSMPWNTIBRBFUPI WS
6 P EFLHKGLTFLNYRS S
11 ANSYFLTLPTLSMEKTER R
17 NS ATFI KNLLPHTSL
20 T RCTTSTPRSTPTAQT

Beta-1 Seq. RDKLPQPVQprDPS HGC

Figure 3.24d. Comparison of insert amino acid sequences of B3B11 immunoselected
phages and human 3, integrin chain.
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Figure 3.24¢
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Figure 3.24e. Synthetic peptide (KLPOPVQPD) derived from 3, integrin specifically inhibited B3B11/ 3,
integrin interaction. Control peptide SGSGTAEKLK (triangle) had no effect on B3B11/ f; interaction.
KLPQPVQPD had no effect on control antibody JB1A/ 3, interaction (empty circle). :
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3.25. Localization of the B44 epitope with chimeric B; integrins:

B44 is one of the most potent stimulatory antibodies of Jurkat cell adherence to
fibronectin (see Figure 3.11). Previous studies in this laboratory have found: 1) the B44
epitope can be detected by B44 antibody under reducing conditions suggesting that B44
recognizes a linear epitope; 2) B44 binding to cells can be blocked by another stimulatory
antibody 13B9 (see table 2.1), suggesting their epitopes may be close to each other; 3)
Trifluoromethanesulfonic acid (TFMS) but not N-glycosidase can abolish B44 recognition,
suggesting this epitope may be an O-linked carbohydrate dependent epitope (Anli Li and
Wilkins data not shown).

As described above, we have previously localized several regulatory epitopes of B;
integrin with NovaTope libraries and phage peptide display libraries. However, these
techniques failed to provide any information about the B44 epitope although it has been
confirmed to be a linear epitope.

Chimeric B; integrin CHO (chinese hamster ovary) cell transfectants have provided
some information for several other regulatory epitopes (129, 131, 132). This approach was
therefore undertaken for the localization of the B44 epitope. The chimeric 8, integrin CHO
cell transfectants used in this study were provided by Dr. Takada (111) and shown in Table
3.2. Transfectant cells (107) expressing chimeric ; chains were lysed in 1 ml of 20mM

Tris, 150mM NaCl, 1% Triton X-100, 0.05% Tween 20, PH 7.4.
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Table 3.2 The chimeric B, integrin CHO cell transfectants used to

localize B44 epitope
Chimeric B integrin CHO
cell transfectants Description
h189/c N-terminal 189aa of human 8, chain / C-terminal

chicken integrin B, chain

h304/¢c N-terminal 304aa of human B, chain / C-terminal
chicken integrin 8, chain

h354/m N-terminal 354aa of human B, chain / C-terminal
mouse integrin B; chain

h425/m N-terminal 425aa of human B chain / C-terminal
mouse integrin B; chain

Thus, by examining transfectants for the presence of B44 reactivity, we can localize
the B44 epitope. Since B44 recognized CHO cell lysates, in our experiments, all cell
lysates from different chimeric B; integrin transfectants were immunoprecipitated with
JBIA before western blot analysis. Biotinylated B44 did not recognize chimeric B, integrin
until residue 355-425 was involved (Figure 3.254). This result was confirmed by western
blot with B44 and JB1A in which both h354/m and h425/m could recognize JB1A, but only
h425/m contained the B44 recognition site (¥ igure 3.25b). B44 did not recognize chicken
and mouse B integrins but did strongly recognize CHO cell lysate (Figure3.25a, 3.25¢)
suggesting that this epitope also existed on hamster B, integrin. The origin of the common
band seen in the lanes containing CHO lysates (Fig. 3.25a) is unknown. However, the
bands recognized by B44 were specific . In Fig. 3.25¢ the CHO cells had also been co-

transfected with o5 to increase the levels of B; chain expression.
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Figure 3.25a,b,c

Fig. 3.25. (a) Localization of the B44 epitope to the 354 to 425 reg
with the anti-B1, JBIA, separated by SDS-PAGE under reducing conditions and examined by western blot for reactivity with B4, The lanes marke
lysates were direct blots of whole cell lysates of wild type CHO ¢

ells and chicken bursa of fabrica lymphocytes. Note that B44 reacted with the wild type CHO integrin but not the chicken integrin. The arrows indicate
the positions of mature and pre B integrins. (b) Comparison of i

ntegrin levels of JBIA precipitable integrins in CHO cells transfected with h354/m or hd25/m chimeric integrins. Lysates of the indicated cells were
immunoprecipitated with JB14 and seperated on SDS-PAGE an

d transferred 1o nitrocellulose. The blots were examined for reactivity with JBI14 or B44. Note that although there were comparable levels of both h354/m
and h425/m, as revealed by reaction with JB 14, only the h425/m construct react with B44, (¢)B44 doesnot react with cell lysates of a clone of mouse T cell hybridoma.

ion of the BI chain.Cell lysates of wild type (CHO) or transfected CHO cells expressing the indicated interspecies chimeras were immunopreciptated

d IP were treated in this fashion. The lunes marked CHO and Bursal
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The epitope recognized by stimulatory antibody HUTS-21 has also been localized to
the same region, it was therefore questioned whether this antibody (HUTS-21 recognizes a
discontinuous epitope) was able to competitively inhibit B44 binding B, integrin. Fi ig.3.25d
shows that both HUTS-21 and 1389 partially inhibit biotinylated B44 binding to purified
B3 integrin. This result suggests their epitopes may be in spatial proximity. Thus, residues

355-425 define a cluster of stimulatory antibody binding sites.
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Figure 3.25d

Different mAbs inhibit B44-biotin to g1 integrin
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Fig. 3.25d. The effects of monoclonal antibodies to 1 CLIBS on B44 binding. Microtiter wells were
precoated with purified human f1 integrin and incubated with biotinylated B44 in the presence of a 10-fold
excess of non labeled competitor antibody. The levels of residual B44 binding were assessed following the
addition of avidin-alkaline phosphatase conjugate and substrate.
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B44 epitope may be an O-linked carbohydrate dependent epitope

A homology comparison of amino acid sequences among human, mouse and
chicken suggested that two regions could be B44 epitope candidate sites for this linear
epitope. Three biotinylated peptides (dotted underline) were synthesized by Research
Genetics corresponding to these two regions (Figure 3.25¢) and peptide ELISA was
performed to further localize the B44 epitope. None of the peptides was able to bind B44
or to inhibit B44 binding to native B, integrin (data not shown) suggesting that other
factors such as postranslational modification might contribute to the formation of this

epitope.

Figure 3.25¢

Homology Comparison of aa Sequence of 1 Subunits from Different Species

355 390 425

v

C YNSLSSEVILENSKLPKEVTISYKSYCKNGVNDTQEDGRKCSNISIGDEVRFEINV]ANECPKKGQNETIKIKPLGFT
M YNSLSSEVILPNSKLPDAVTINYKSYCKNGVNGTGENGRKCSNISIGDEVQFEISITANKCPNKESETHSKLKPLGFT
H YNSLSSEVILENGKLSEGVTISYKSYCKNGVNGTGENGRKCSNISIGDEVQFEISITSNKCPKKDSDS-FKIRPLGFT

C = chicken M = mouse H = human

As discussed above, deglycosylation of native B, integrin with N-glycosidase F that
removed N-linked carbohydrates can not prevent B44 recognition. However, TFMS that
non-selectively removed both N- and O-linked carbohydrates did eliminate B44

reactivity. These data suggested that the B44 epitope might be an O-linked carbohydrate
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or O-linked carbohydrate dependent epitope (Anli Li and Wilkins JA, data not shown).
My results further demonstrated this epitope was also sensitive to O-sialoglycoprotein
endopeptidase that digested O-linked carbohydrate proteins (Figure 3.25f). Collectively,
it seems that this epitope was an O-linked carbohydrate dependent epitope. However,
since there are no known consensus sequences for identifying O-glycosylation sites it is

difficult to predict where the B44 site may be.
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Figure 3.25f
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Fig. 3.25f. Digestion of human [l integrin with O-sialoglycoprotein endopeptidase. Human purified
Bl integrin (about 20ug) were boiled 5 minutes and then digested with 20u 1 (2.4mg/ml) O-
sialoglycoprotein endopeptidase (Cedarlane Laboratories, Inc) 37°C overnight (+). Protein Jragments were
separated by 10% SDS-PAGE under reducing condition and transferred to nitrocellulose membranes. The
blots were examined for reactivity with JB1A4 and B44. Integrin treated with PBS (-) as a control.
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3.3 CHARACTERIZATION OF REGULATORY EPITOPES

3.31. Characterization of the N29 epitope

The N29 epitope has been localized to the NH2- terminal cysteine rich domain
(residue 15-55) as described above. To understand the regulatory role of this domain, the
N29 epitope was characterized by correlation of its expression and integrin functional
states in several different systems.

3.31a. N29 epitope expression correlated with integrin function in different cell
lines. K562 (erythroleukemia) and Jurkat (T leukemia) are two spontaneously adherent
cells lines; IM9 (B leukemia) is a cell non-adherent line, to fibronectin (data not shown).
The N29 epitope was expressed on all B, integrins of K562 cells (see Figure 3.31 ¢) and
significantly expressed (about 80%) on B, integrins of Jurkat cells but it was only
expressed on a few (less than 10%) B, integrins of IM9 cells. Figure 3.31a shows the
different expressions levels of the N29 epitope on Jurkat and IM9 cells. Thus, N29
epitope expression appeared to correlate with the spontaneous adherence status of the

expressing cell type.
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Figure 3.31a
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Figure 3.31a. Comparison of N29 epitope expression between Jurkat and IM9 cells with Slow cytomerry.
Cells were first incubated with indicated antibodies (Sug/ml) 4°C for 60 minutes. The cells were washed
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3.31b. N29 epitope expression correlated with integrin function in stimuli
activated cells.

As discussed, divalent cations, reducing agent dithiothreitol (DTT) and inside-out
signaling are capable of activating integrins. Since the N29 epitope is most highly
expressed on spontaneously adherent cells, it is suggested that the epitope might be
activation related, i.e. the N29 epitope may be expressed exclusively on activated B,
integrins. To test this hypothesis, non-adherent cells IM9 (B cell line) were treated with
divalent cations or DTT, and non adherent IL-2 dependent peripheral blood lymphocytes
from health donors were treated with cross-linking CD3 (i.e. triggering T cell receptor),
and examined for changes in cell adhesion and epitope expression.

N29 epitope expression correlated with integrin function induced by Mn?*". IM9
cells (non-adherent B cell in RPMI-1640 cell medium) were treated with different
concentration of Mn**, Mg, and Ca®" in Puck’s saline buffer. However, since the
concentrations of Mg?*, and Ca?* required to induce IM9 cell adhesion were very high, t
Mn**was chosen for next experiments. Figure 3.31bI shows that Mn?" induces IM9 cell
adhesion. Its half-maximal stimulatory concentration is around 70 puM. The adhesion
induced by divalent cations can be inhibited by more than 60% by combined anti-c, and
anti-f,antibodies, suggesting that o8 is mediating a significant proportion of the induced
adhesion on IM9 cells (data not shown). It was observed that Mn2" induced cell adhesion
could only be effectively inhibited with a combination of anti-o4 and anti-Bantibodies.
Thus, Mn** activated oul3) integrin, which led to cell adhesion. F, igure 3.31bI1 shows that

Mn?** also induces N29 epitope expression.
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Figure 3.31b1

Effects of divalent cations on IM9 cell adhesion
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Figure 3.31bl. The induction of IM9 adherence to JSibronectin by divalent cations. IMO9 cells were incubated
with the indicated concentration of divalent cations in Puck’s saline and tested for adherence to

immobilized fibronectin in microtiter wells. The results are the means of absorbance in triplicate wells of
three experiments.

90



Counts

500

500

1TmM Mn++ Induces N29 and B44 epitope Expression on IM9 Cells

o
o
0
N29 3S3
p]
c
=
jo]
(@]
¥ ‘ll T LR Rl O 0 lll] 1 4 L] LER 1]
10° 10 10° 10
(=)
(&)
Vel
B44 D11B
v
£
=3
jo]
(@]
(o]
PR Saat PR T
10° 10 10° 10%
(@]
o
w
B3B11
[%)
£
3
(]
(@]
lll * T80 r O
10° 10%

Fi igure 3.31bl1. The effects of Mr’" treatment of IM9 cells on B epitope expression. Cells were treated with
MA®" (1 mM) stained with the indicated antibodies and analyzed by flow cytometry. The control, untreated,
and Mi’™ —treated cell profiles are repr esented by the dashed, solid, and dotted lines, respectively. The
arrows indicated the profiles of the Mn —treated cells. DI1B and 353 used here as internal negative
controls. JBIA itself is sensitive to Mn®* will be discussed in 3.32. M’ does not induce B3B1] epitope

expr ession.
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N29 epitope expression correlated with integrin function induced by DTT.

Similar to Mn?**, DTT can induce ouB; integrin mediated IM9 cell adhesion (see section

3.4). This reagent strongly induced N29 epitope expression, as shown in Figure 3.31b111,

10mM DTT induced this epitope expression on 100% 8 integrin on IM9 surface.
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Figure 3.31b11l. The effects of DTT treatment of IM9 cells on 3, epitope expression. Cells were treated with
DTT (10mM), stained with the indicated antibodies and analyzed by flow cytometry. The control, untreated,
and DTT ~treated cell profiles are represented by the dashed, solid, and dotted lines, respectively. The
arrows indicated the profiles of the DTT—ireated cells. JB1A and 353 epitopes have no changes (negative

control) whereas expression of the B3B11 epitope has a little increase.



N29 epitope expression correlated with integrin function induced by inside-out
signaling. Because cross-linking CD3 (triggering T cell receptor) can induce T cell
adhesion (102, and our unpublished data), I examined the effect of anti-CD3 on N29
epitope expression on IL-2 dependent T cells expanded from peripheral blood
lymphocytes of health donors. As shown in F, igure 3.31bIV, triggering T cell receptor
can induce both N29 and B44 epitope expression. Although the variation of N29 epitope
expression levels are higher than those of B44 among different donors and different states
of cell cycle, the cross-linking of CD3 induces an increase in N29 epitope expression
appears in most of our FACS data. These preliminary results suggested that human B,
integrin conformational changes could be induced by physiological stimuli. To further
demonstrate this “inside-out” signaling would require the use inhibitors of intracellular

signaling pathways.
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Figure 3.31bIV
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Figure 3.31b1V. Cross-linking CD3 induced B, integrin conformational changes on T lymphocytes. IL-2 —
dependent health donors T cells (see materials and methods in appendix paper IV, ref 134) were Sirst
incubated with mouse antihuman CD3 (10ug/ml) at 4°C for 30 minutes, then incubated with rabbit
antimouse 1gG (1 pug/ml) to cross-link CD3 at 4°C Jor 60 minutes. Regulatory epitopes of 3; integrin were
examined with biotinylated antibodies (37°C 30 min) by flow cylometry analysis (FACS). The arrows
indicated the profiles of the cross-linking CD3 treated cells.
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3.31c. N29 epitope expression on K562 was not influenced by ligand binding

Because N29 is a stimulatory antibody and its epitope expression correlated with
integrin functional states, I therefore examined whether the N29 epitope is a cation ligand
induced binding site (CLIBS).

K562 cells, which spontaneously bind to fibronectin, were preincubated with RGD
or RGE (control) peptides (ImM) or fibronectin (100ug/ml) for 1 hour at room
temperature. N29 and other antibodies were then added to this mixture for 30 min at
37°C, and the cells were processed for flow cytometry analysis as described above.
Figure 3.31c shows that stimulatory antibody B44 recognizes a CLIBS, but the
expression levels of other epitopes including N29 were not significantly changed by this
treatment. It seems that N29 epitope is not a CLIBS because this epitope is fully
expressed on K562 cell without ligand occupancy and ligand occupancy has no effect on
its expression. In order to examine whether N29 epitope is a CLIBS on other cells,
further studies with different ligands on Jurkat cells or partially activated IM9 cells, on

which N29 epitope is only partially expressed, may be required.
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Figure 3.31c. The effects of ligand binding on the S31 epitope expression of K562 cells. Cells were treated
with fibronectin (100ug/ml) or RGDS/ RGES peptides (ImM), and stained with the indicated antibodies
and analyzed by flow cytometry. The panel labeled B44* indlicates the line patterns used Jfor each treatment

group. Note that the negative control cells are omitted §id
indicated in all other panels by the line with large dashes.
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3.32. Characterization of JB1A group antibodies

3.32a. JB1A, C30B and D11B have different affinities with phage isolates

The fact that JB1A, C30B and D11B recognize the same region (residue 82-87) of
the B integrin chain raises the question that these antibodies may be identical although
they are from different hybridoma preparations. To target this problem, individual JB1A
phage isolates were coated in ELISA plate and reacted with the individual antibodies. As
shown in Figure 3.32a, although in many cases all three antibodies recognized these
isolates, the patterns of antibody reactivity to each phage were quite distinctive. The
apparent differences in binding patterns to individual phage may result from the
contributions of the different flanking amino acids around the major motif. That these are
indeed different antibodies is further supported by several observations. JB1A is sensitive
to Mn?* inhibition while neither C30B nor D11B were influenced by this cation, (see

following figures).
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Figure 3.32a
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3.32b. Mn** decreased JB1A binding to IM9 cells results from decreasing
JBIA affinity rather than decreasing JB1A epitope expression.

Mn*" is able to induce B; integrin conformational changes and cell adhesion (see
above), It was therefore questioned whether this stimulator could influence JB1A epitope
expression. Flow cytometric analysis, demonstrated that JB1A binding to IM9 cells
dramatically decreased following exposure of these cells to increasing Mn**
concentration (Figure 3.32bI). In contrast, C30B or D11B (recognize same epitope)
binding was not influenced by this cation (Figure 3.32bI1). Thus, JB1A itself may be

sensitive to Mn**.
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Figure 3.32b1
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Figure 3.32b11
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Fig. 3.32bII The cffects of Mn* on JB1A binding to IM9 cclls. IM9 cells were washed in Puck’s saline and resuspended in the same in
absence (dotted linc) or presence (solid line) of 8mM Mn™™. The cells were stained with the indicated antibodies and analyzed by flow
cytometry. The negative control (light solid Jine) is included with each histogram.
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To further characterize this phenomenon, JB1A or B3B11 (control antibody
which recognizes residue 658-666 of the B, chain) were preincubated with different
concentrations of Mn?*, then added to purified B; integrin or peptide (residue 80-90, i.e.
KGTAEKLKPED or 658-666, i.e. KLPQPVQPD) coated plates. Only JB1A was
sensitive to Mn2+(Figure 3.32b111). Similar studies revealed that C30B and D11B
binding to purified integrin and peptide were not influenced by Mn**(F igure 3.32b1V).
Thus, Mn**does not decrease JB1A epitope expression on IM9 cell surface but it acts

directly on JB1A and decrease antibody affinity.
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Figure 3.32b111
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Fig.3.32bIIT The effects of Mn™ on antibody binding to purified 8,
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Figure 3.32b1V
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3.32¢. JB1A inhibits stimulatory epitope expression on cell surface

JBIA group antibodies are capable of blocking Jurkat cell adhesion to fibronectin.
The simplest explanation for this phenomenon is that this epitope (residues 82-87) is at or
close to the ligand-binding site. However, my preliminary data failed to demonstrate
either the direct binding of the JB1A peptide to fibronectin or an effect of this peptide on
Jurkat/fibronectin adhesion (data not shown). The alternative explanation is that JB1A
induces allosteric changes of B, integrin, which switches integrin conformation to an
inactive form. Figure 3.32c demonstrates that JB1A as well as the inhibitory antibody
353 inhibits the expression of the stimulatory epitope N29. JB1A and 3S3 also inhibit
stimulatory epitope B44 expression (see section 3.33). Thus, blocking cell adhesion by

JBIA group antibodies may result from allosteric changes of integrin conformation.
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Figure 3.32c. The effects of binding of antibodies on the expression of the N29 epitope. Jurkat cells were
pre-incubated with buffer (thick solid line) or the indicated antibodies (dotted line) at 15ug/ml and
subsequently assessed for binding of biotinylated N29 by flow cytometry. Cells without incubating with any
biotinylated antibody were used as negative control (light solid line). N29 inhibited biotinylated N29 cell
binding was used as positive control. That B3B11 did not influence biotinylated N29 cell binding was a
negative control. Both JBIA and 3S3 inhibited biotinylated N29 cell binding.
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3.33. Characterization of B44 and its epitope:

My previous data have demonstrated that B44 epitope expression could be induced by
Mn** or DTT on IM9 cells. That this epitope was a cation ligand induced binding site
(CLIBS) was also demonstrated with K562 cells (Figure 3.31¢). These results were further
confirmed on Jurkat cells. Figure 3.33a indicated Mn®" was more efficient than Mg** at
inducing B44 epitope expression. Interestingly, although all three divalent cations
supported Jurkat cell/ Fibronectin adhesion in Puck’s saline A buffer (Figure 3.33b), Ca**
'markedly decreased the expression of this epitope. This may suggest that Ca** plays a
bifunctional role in B; integrin function, i.e. maintenance of basal level cell adhesion but
inhibition of maximal cell adhesion mediated by Mn*". Both B44 and N29 epitopes were
sensitive to DTT in Jurkat cells (data not shown) and the B44 epitope can be remarkably

induced by RGD peptide in a divalent cation dependent fashion (Figure 3.33¢).
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Figure 3.33aa
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Figure 3.33a. The effects of divalent cations on B44 epitope expression. Cells were incubated in
Puck’s saline with either 2mM Mn’", Mg”, Cd”*, and examined by FACS for B44 expression
levels. The upper panel was negative control in which cells were treated with different divalent.
cations but no first antibody was added. Note exposure 1o Ca’ *causes a reduction in the level of.
B44 expression (as compare to no cation) (o near background (as compare o upper panel figure).
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Effects of Divalent Cations on Jurkat/Fn adhesion
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Figure 3.33b. Divalent cation requirements for Jurkat cell adhesion. Jurkat cells and microtiter wells were
washed twice with Puck’s saline (no divalent cations), cells then incubated in Puck’s saline with either 2 mM
Ca’*, Mg™, or Mn®* or SmM EDTA and examined for their capacity of adhesion to fibronectin. The results

are the means of sextuplicate assays and the experiments were carried out at least JSive times.



Figure 3.33c
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Figure 3.33c. The B44 epitope is induced on Jurkat cells by ligand. Cells were washed and suspended  in
cell medium (RPMI-1640), then treated with RGES, or RGDS in the presence or absence of ImM EDTA and
stained with B44 or JB1A. RGDS alone caused an increase in B44 levels which was inhibited by the addition
of EDTA. Note these treatments did not affect JBIA levels. The JB1A and B44 FACS profiles for cells
treated with the control peptide RGES were almost identical to those for untreated cells and they are
overlapped by the control profiles.
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In order to examine the response of this epitope to intracellular signals, stimulating
with phorbol 12-myristate 13-acetate (PMA) (data not shown) and cross-linking CD3 (see
Figure 3.31b1V) were performed on human peripheral blood lymphocytes with flow
cytometry analysis. B44 epitopes can be dramatically induced by these signals. Since cells
were washed twice with RPMI-1640 (serum free) before exposure to antibody and reaction
with antibody only lasted 30 minutes, it seems unlikely this epitope expression results from
ligand occupancy because preexisting ligand(s) or newly secreted ligand(s) contributed to
the exposure of this epitope. In other words, a CLIBS like conformation can be expressed
in apparently ligand independent fashion (i.e. before ligand occupancy).

Because the B44 epitope was one of the best reporters of integrin functional states in
our laboratory, we then monitored by FACS, B; integrin conformational changes after
different regulatory mAb treatments by with biotinylated B44. Surprisingly, all stimulatory
mAbs (such as N29, A1AS5, TS2/16 and B3B1 1) increased the epitope expression except
13B9 and HUTS-21 that bind to the same region as B44 binding site (see section 3.25),
whereas all inhibitory mAbs decreased its expression although the changes were not
dramatically (Figure 3.33d). N29 epitope (residue 15-55), A1AS, TS2/16 epitope (207-
218) and B3B11 epitope (residue 660-668) are far from each other in the primary aa
sequence of B3; integrin, so are JB1A epitope (residue 82-87) and 383 epitope (discontinue
epitope), but their effects on B integrin conformation (B44 epitope expression) are highly
harmonious with their behaviors on integrin function. These data not only provide a
possible explanation for the role of inhibitory mAb JB1A in By integrin but also provide a

simplified outline for integrin structure on cell surface. It will be interesting to determine if
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other regulatory antibodies provide a consistent correlation between functional activity and

effects on epitope expression patterns.
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Figure 3.33d
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Figure 3.33d. The effects of binding of antibodies to B1 on the expression of the B44 epitope. Jurkat cells
were pre-incubated with buffer (thick solid line) or the indicated antibodies (dotted line) at 15pug/ml and

subsequently assessed for binding of biotinylated B44. The antibodies HUTS-21, 15/7 and 13B9 block B44
binding.



3.4. REGULATING INTEGRIN FUNCTION BY DITHIOTHREITOL (DTT) AND
PROTEIN DISULFIDE ISOMERASE (PDI) INHIBITOR BACITRACIN.

Disulfide bonds appear to play an important role in integrin function. That DTT
induced B3 integrin mediated platelet aggregation has been reported (see Chapter 1) and
many stimulatory epitopes including our N29, B3B11, and B44 epitopes have been mapped
adjacent to long range disulphide bonds (122, 1 14). In this study, I used DTT as a probe to
examine the role of disulphide bonding in human B, integrin function.

As previously discussed DTT induced changes in the regulatory epitope expression
patterns on the cell surface. The relationship between DTT induced cell adhesion and the
induction of free sulthydryls on B1 integrins were examined. In a related series of
experiments the potential mechanism of disulfide bond exchange in vivo was examined
using the PDI inhibitor, bacitracin.

Cell adhesion was induced by DTT and measured as outlined in Section 3. 1. Cells
were preincubated with DTT in RPMI-1640 for 30 minutes at room temperature and then
washed twice with RPMI-1640 before addition to fibronectin coated wells. Both J urkat
(data not shown) and IM9 cells adhesion were enhanced by DTT. Figure 3.4a shows that
the concentration of DTT for half-maximal IM9 adhesion is around 2-5 mM, for maximal
IM9 adhesion the concentration is around 25 mM. The adhesion activity began to decrease
at concentrations in excess of 50 mM. This adhesion appears to be mainly mediated by o,;
integrin because it can be inhibited by combined anti-oy and anti-B;antibodies although

neither antibody one its own can inhibit this type of cell adhesion (data not shown).
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Figure 3.4a
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Figure 3.4a. The induction of IM9 adherence to Jibronectin following treatment with DTT. IM9 cells were
incubated with indicated concentration of DTT and tested for adherence to immobilized fibronectin.
Representative results of one of at least two independent experiments are shown. The O.D. values are the
means of absorbance in sextuplicate wells.
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DTT induced exposure of free sulfhydryls in B, integrin. This experiment was
designed to determine whether there was a correlation between the induction of adhesion
and the exposure of free —SH groups of B, integrin. Alternatively DTT might indirectly
activate integrins by other mechanism. DTT, EDTA and Mn?" treated Jurkat and IM9
cells (as shown in Figure 3.4b) were labeled with biotinylated BMCC, which specifically
reacts with free —SH groups. Cell lysates were then immunoprecipitated with JB1 A and
analyzed by western blot with streptavidin-AP. As indicated in F. igure 3.4b, 10mM DTT
significantly increased the number of free ~SH groups on integrin B;chain. However, it
was also apparent that both adhesive cells (Jurkat) and nonadhesive cell (IM9) contained
free —SH groups on integrin B,chains and the presence of these ~SH groups was
independent of the presence of divalent cations. However, these data do not prove that
DTT effects on cell adhesion result from the SH changes on integrins. Mapping and point
mutation of cysteine residues that can be labeled by BMCC may be able to provide some
direct evidence to address this question. The present data also suggests that the predicted
pairing patterns for 31 may not be consistent with the model proposed for 33 by Dr.
Calvete (see chapter 1) because free ~SH groups exist in both inactive and active form of
Bychain.

It will be of interest to determine if regulatory antibodies affect biotin-BMCC
labeling of B;chain. I hypothesise that B integrins treated with stimulatory antibodies
N29, B3B11, JB1B, and B44 will generate more free ~SH groups because these
antibodies may block the reforming of long range disulfide bonds in B; integrins. It also
should be addressed why DTT treated cells have some higher molecular weight proteins

which can be purified by JB1A. Whether these molecules are different level biotin-
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BMCC (Mw about 0.533 kD) labeled B;chain or integrin associated proteins which

contain reduceable disulfide bonds remains to be determined.
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Figure 3.4b

Figure 3.4b. Labeling free -SH groups of integr
cells. As described in materials and methods, ce
10mM DTT at room temperature Jor
tube at a concentration | [uM]. After
with JBIA coupled Sepharose 4B beads and analyz

were detected with sireptavidin alkaline phosphatase and color was developed with NBT and BCIP.

in 8; chain with biotin-BMCC on IM9 cells and Jurkat

lls were first treated with 10mM EDTA or 2mM Mi"* or
30 minutes, then biotin-BMCC dissolved in DMSO was added to each
1 integrins were immunoprecipitated
ed with western blot. The biotinylated free —SH groups

- labeling, cells were lysed and B
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Role of bacitracin, the protein disulfide isomerase (PDI) inhibitor, in integrin
mediated cell adhesion. There are several pieces of data which suggest that de-
association of long-range disulfide bonds may be a mechanism for keeping B,integrin in
an active conformation. These include 1) DTT induces B, integrin mediated cell adhesion;
2) DTT induces exposure of free sulfhydryls in B, integrin; 3) DTT induces the
expression of several stimulatory epitopes (N29, B44 and B3B1 1) and, these epitopes are
localized in close proximity to predicted long-range disulfide bonds (Cys7-Cys444, Cys*?

671) (see section 3.2 & 3.31); 4). A most reasonable explanation of stimulatory roles

~Cys
0f N29, B44, and B3B11 is their possible roles in blocking the reforming of these two
long-range disulfide bonds. However, it is not clear whether similar mechanisms that
control integrin function by dissociation of disulfide bond(s) exist under physiological
conditions in vivo and if so, which molecule(s) mediate integrin disulfide bond exchange.
Protein disulfide isomerase (PDI), which catalyzes protein disulfide bond
exchange, has been found on lymphocyte and platelet surfaces (82, 133). To determine
whether this enzyme is the functional surrogate of DTT, Bacitracin, a PDI inhibitor, was
examined for effects on cell adhesion. Strangely, Bacitracin strongly inhibited B, integrin
mediated cell adhesion (Mou’s data, ref.134) without decreasing N29 and B44 epitope
expression (my FACS data), which contradicts my previous prediction because the
expression of these two epitopes was highly correlated with dissociation of disulfide
bonds and cell adhesion status. If bacitracin inhibited cell adhesion results from inhibiting
PDI function, i.e. inhibiting disulfide bonds exchanges, N29 and B44 epitope should be

eliminated. In contrast, after treatment with 3.5mM Bacitracin, B44 epitope (CLIBS)

expression was dramatically increased on different cells such as Jurkat, K562, IM9, and
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peripheral blood lymphocytes, whereas N29 epitope, one of the most sensitive indicators
to DTT activation, did not change (data not shown except Jurkat cell in Figure 3.4¢). My
experiments further demonstrated that Bacitracin is able to block Mn2* induced IM9 cell
adhesion (data not shown) and block soluble fibronectin binding to K562 cells which
express fibronectin receptor aisB; integrin on the cell surface (Figure 3.4d). Thus,
Bacitracin may be the antagonist of B, integrin that directly interacts with integrin ligand
binding pocket.

Although Bacitracin slightly inhibited PDI expression (data not shown), the role
of PDI in integrin activation may be minor because Yanglong Mou demonstrated that
anti-PDI antibody and other PDI inhibitors failed to show the inhibition of cell adhesion

(134).

120



Figure 3.4c
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Figure 3.4c. Effects of bacitracin on different 1 epitope expressions on Jurkat cell. Cells were pretreated
with (dotted line) or without (thick solid line) Smg/ml bacitracin at 37°C for 30 minutes, then incubated
with indicated monoclonal antibodies (5 ug/ml) at 37°C for 30 minutes. Antibody binding was detected with
FITC labeled goat antimouse IgG by flow cytometry analysis. The arrow shows the expression level of B44
epitope on Jurkat cells after treated with bacitracin. Cells incubated with second FI TC labeled antibody
alone was used as negative control.
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Figure 3.4d

Ettects of Bacitracin on K562 cell/Biotin-Fibronectin interaction
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Figure 3.4d. The effect of bacitracin on the binding of soluble fibronectin to cell surface agf3;. K562 cells
were incubated with biotinylated fibronectin in the presence or absence of 3.5 mM bacitracin for 30
minutes. The cells were then reacted with FITC-labeled avidin and examined for staining by FACS. The
control binding of fibronectin is marked with the dotted line(the original color is blue); the binding in the
presence of bacitracin is indicated by the line of dots with more space in between (the original color is
brown); and the negative control binding is indicated by the solid lines. Note that except for control
binding of fibronectin (arrow), all other profiles were identical, and bacitracin completely blocked

Jibronectin binding to K562 cells.
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CHAPTER 4: DISCUSSION

In this study, I have localized several regulatory epitopes on the human 8, chain
and monitored their expression under different states of integrin functionality.
Collectively these results indicate that there are multiple conformations of integrins,
which correlate with the functional status of the molecule. Furthermore, it appears that it
is possible to generate functional integrins with conformations that do not necessarily
represent physiologically relevant structures. However, such information can provide
insight into the structural changes that are required for the acquisition of ligand
receptivity. These results have allowed me to develop a structural model of integrin

regulation (Fig.4.1).



Figure 4.1

Proposed structure of human j3, integrin
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Figure 4.1. Proposed location of the human B epitopes studied in this investigation. B3B11 group
(B3B11 and JBI1B) and B44 group (B44 and 1 3B9) antibodlies bind to the region closing to the long-
range disulfide bond (671-415). N29 binds to the region closing to another long-range disulfide.
bond (7-444). These suggest that some stimulatory antibodies control cell adhesion may through
blocking reforming long- range disulfide bonds. N domain may be a “door” of integrin family which
control integrin ligand entry by its interaction with I-like domain. JBIA inhibits cell adhesion may
through its effect on regulating of N domain/I-like domain interaction. Whereas 353 blocking cell
adhesion not only through blocking ligand binding site but also through fixing the N domain to I-like
domain, i.e. locking the” door”. After the “door” opening, and ligand binding, B44 epitope (CLIBS)
then exposes to outside
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4.1 Characterization of JB1A Group Epitopes:

Three monoclonal antibodies, JB1A, C30B and D11B recognize the same epitope
sequence, TAEKLK (residues 82-87), on the human B, chain. These antibodies also
recognize TPAKLR (residue 179-184) with a lower affinity. However, other properties of
these antibodies such as binding patterns to different phage inserts and their capacities to
inhibit cell adhesion are different. Only JB1A is sensitive to Mn2"* during
antibody/epitope interaction. Thus, they are different antibodies. That three different
antibodies recognizing the same region were cloned in our laboratory may be a reflection
of the high levels of sequence homology between human and murine By chain. Thus, only
limited regions have immunogenicity, which can be recognized by B cell clones.

There are several explanations for their inhibition of cell adhesion: 1) TAEKLK is
one of the ligand binding sites on human B; chain i.e., Antibody binding to this site
blocks ligand interaction. However, my preliminary studies have failed to demonstrate
either direct interaction between this peptide and fibronectin or this peptide blocking cells
adhesion (data not shown). This might be the case, because the JB1A epitope does not
correspond to the homologous ligand contact sites proposed for the B3 chain (108, 109,
113). 2) The blocking of cell adhesion is a result of antibody binding TPAKLR (residue
179-184 of human B; chain). Although these antibodies bind TPAKLR with relative low
affinity (data from phage display library and peptide ELISA of Fig.3.22q and ref. 115),
the possibility that the antibody binds with one Fab binding this site and with the other
one to TAEKLK cannot be excluded. TPAKLR is located between two conserved regions

(residue 120-139 and 221-241) that have been suggested to be ligand-binding sites (53,
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54). Recently, residues 164-202 of the B; chain that correspond to the 1 region which
contains TPAKLR have been shown to be involved in the control of ligand binding
specificity (135). However, similar to TAEKLK, I failed to demonstrate that TPAKLR
bound to fibronectin or blocked cell adhesion. F urthermore, JB1A is not able to inhibit
the adhesion of a mouse T hybridoma to fibronectin or to bind to these cells, despite the
fact that the TPAKLR sequence is also present on murine B integrin (data not show). 3)
JB1A binding alters integrin conformation to an inactive form. TAEKLK (residues 82-
87) is located between the N29 epitope (NH, terminal cysteine rich domain, residues 15-
55) and the proposed I domain structure (around residues 110-330). The NH, terminal
cysteine rich domain (designated as N domain) has been hypothesized in this study as a
“door” on the integrin which may control the entrance of ligand to the ligand binding
groove (see discussion below). The I domain structure contains divalent cation and ligand
binding sites and the sites required for o/B subunit interaction (50, 52, 56). Thus, the
JBIA group of antibodies blocking of cell adhesion may be the result of effects on this
domain. This hypothesis has been partially supported by the preliminary data which

indicate that JB1A inhibits stimulatory N29 and B44 epitope expression. (Figure 3.32¢).

4.2 Roles of NH2 terminal cysteine rich domain: fact or fiction?

In this study, I localized the N29 epitope to the residues 15-55, the NH, terminal
cysteine rich domain (N domain). Although this epitope can be detected by western blot
under reducing condition in both B, integrins and two fusion proteins (residues 1-55 and
residues 1-105) expressed from distinct vectors in E. coli, the further identification of its

epitope with synthetic peptides or phage peptide display libraries has failed. These results
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may suggest that the N29 epitope is dependent on local conformation, i.e. partial
oxidation of ~SH groups within this cysteine rich domain may be required for this epitope
formation. In this case, reducing agents in the loading buffer may not be sufficient to
prevent protein partially renaturation during protein transfer and other steps in the
western blot procedures.

The regulatory role of N domain in integrin family has not been reported before
although the regulatory epitope of AP5 in the 3 chain (residue 1-6) is close to this domain
(129). N29 binding to this domain strongly enhances cell adhesion indicating that it is
important for integrin function. The N29 epitope is expressed on both spontaneously
adhesive cells such as K562 and Jurkat and on stimulus activated non-adhesive cells such
as IM9 and peripheral blood lymphocytes but it is not significantly expressed on non-
adhesive cells. These observations suggest that the expression of N29 epitope may be a

prerequisite for normal cell adhesion, or maintenance of integrin active states.

Possibly the most interesting data for understanding N domain function is from
mapping the discontinuous 3S3 epitope with 26mer-phage peptide display library. 383 is
the strongest inhibitory antibody generated in this laboratory. It does not recognize the B,
chain under reducing conditions. After three rounds of panning with biotinylated 3S3, 18
out of 21 phage isolates had the identical insert peptide that contains CGWSPEG
residues. Comparison with amino acid sequence of B; chain revealed that the CGW
(residues 25-27 of B, chain) and SPEG (residues 227-230 of B3; chain) respectively exist in

the N domain and in the second conserved region.
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Several pieces of information suggest that the SPEG region might be a ligand-binding
site. These include:1) the corresponding region in the B3 chain is a fibrinogen-binding site
(53). 2) A point mutation at E*%° (112) in the B; chain results in a complete loss of ligand
binding capacity. 3) My preliminary studies demonstrated that the peptide derived from
this 8y conserved region can block Mn*" activated IM9 cell adhesion (Figure 3.23b).
Thus, binding to this region and retention of the N29 domain in this area may be the basis
of the 3S3 inhibitory function. These results suggest the spatial close proximity between

the ligand bind site and the NH, terminal cysteine rich domain.

I hypothesize that the NH, terminal cysteine rich domain is the door of integrin
family because the cysteine residues in this domain are conserved in all § integrin chains
in different integrin and animal species. This hypothesis suggests that the NH, terminal
cysteine rich domain “tightly blocks” the ligand binding sites when integrin is in its
inactive form 1i.e., the “door” for ligand entrance is closed. In this conformation, the N29
epitope is a cryptic epitope that hides among other parts of a/B heterodimer. 3S3 binding
inhibits N29 epitope expression suggesting this antibody not only occupies the ligand
binding site but also “locks” the “door.” It is worth mentioning that this domain may not
merely block the SPEG region. By means of its three-dimensional structure, it is possible
to block other ligand binding sites because the SPEG region and other ligand and cation
binding sites are in spatial close proximity in the I domain structure of By chain (Figure
1.33a
)- This “door” can be opened when integrin is activated by divalent cations, reducing

agents such as DTT, or intracellular signals such as cross-linking CD3 on T lymphocytes.
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During these processes, the N terminal domain somehow dissociates from ligand binding
sites so that ligand can enter into its binding groove and the N29 epitope is expressed on
the cell surface. This model can also explain why the N29 epitope is always expressed on
the spontaneous adhesion cell surfaces such as K562 and Jurkat cell surface because
these cells can not bind integrin ligands without N29 epitope expression.

The spatial close proximity between the N terminal and I domain structure (ligand
binding sites) provides another possibility that the N domain catalyzes the disulfide bond
exchange within the I domain structure. The CGEC (residues 15-18) and CGWC (residues
25-28) in the N domain contain the consensus sequence Cys-Gly-X-Cys which was found
at the active site of the Protein-Disulfide Isomerases (PDI), bacterial thioredoxins and other
proteins which have similar enzymatic activity (85, 136, 137). Thus, the NH, terminal
domain may influence ligand binding through exchange with, for example the I domain

disulfide bonds.

Although this model can explain many phenomena, it needs to be further verified.
Two major questions remain to be addressed: 1) whether the NH, terminal cysteine-rich
domain does make contact with the I domain-like structure in the 31 chain? Although the
residues adjacent to corresponding SPEG region in B3 (residues 214-218) can bind o3
(53), there is no report that these residues bind the N terminal domain. Although, my
preliminary data with biotinylated peptides from the second conserved region (residue
221-241) demonstrated that this biotinylated peptide binds the NH, terminal 57 amino
acid peptide (data not show), this peptide also binds other control proteins such as BSA.

Thus this conserved region seems to be a non-specific binding site. To further
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demonstrate the relationship between these two functional domains, protein cross-linking
experiment may be required. 2) Whether CGW*SPEG is the 3S3 epitope? Although
phage data and 3S3 inhibitory role support this result, the direct evidence that both
residues 25-27 and residues 227-230 are modules of 3S3 epitope have not been obtained.
An E**’mutant from Takada group (112) and direct mutations of residues 25-27 may

provide further support for this hypothesis in the future investigation.

4.3 Localization and characterization of B3B11 and B44 group epitopes.

4.3a The role of long-range disulfide bonds in integrin function.

The B3B11 group stimulatory epitopes have been localized to residues 63 6-705.
The B3B11 epitope was further localized to residues 658-666 with the phage peptide
display library in this study. Because JB1B failed to recognize the peptide before residue
670 in my peptide ELISA, this epitope may be located in somewhere of residues 671-
705. Thus this group of epitopes encompasses a predicted long-range disulfide bond
(Cys*'® -Cys®h. 1t is very interesting that B44, another strong adhesion stimulatory
epitope, is located in the opposite side of this disulfide bond 1.e., residues 355-425
(Figure 4.1). These data suggest the important role of long-range disulfide bonds in
integrin function. This interpretation is further supported by the fact that the N29 epitope

that is close to another long-range disulfide bond (Cys7~Cys444).

DTT activation of B3 integrin on platelet has been known for many years (87). In

this study, I found DTT is also capable of inducing IM9 cell adhesion to fibronectin and



this adhesion can be inhibited by antibodies against o and B;. Furthermore, this reducing
agent generates increased numbers of free —SH groups on B1integrin (Fig. 3.4b) and
induces expression of the epitopes recognized by the stimulatory antibodies N29, B44
and B3B11 and found close to the two predicted long-range disulfide bonds. These data
strongly suggest that dissociation or association of disulfide bonds, especially the long-

range disulfide bonds, may play an important role in integrin conformational transition.

That DTT induces cell adhesion by directly reducing disulfide bonds of integrin has
not been reported before. In contrast, DTT-induced activation of LFA-1 (o B,) mediated
adhesion of natural killer cells to ICAM-1 expressing target cells was reportedly not
associated with integrin reduction (89). In this case, integrin conformational changes
could not be found by flow cytometry analysis with two reporter antibodies and DTT did
not upregulate —SH groups detected by sulfo-NHS-biotin. These results clearly differ
from my results. There are three possible explanations for these apparent differences: 1)
the concentration of DTT used in my experiments (10mM) was 20 times higher than that
used on NK cells. The 0.5mM DTT may be sufficient for activation of LEA-1 on NK cell
by a signal pathway but was not sufficient to reduce LEA-1. But this reason cannot
account for my results with biotin BMCC labeled 8, integrin where free —SH groups were
shown to exist in both the active (on Jurkat cells) and inactive forms (on IM9 cells) even
before DTT treatment. 2) B, integrin differs from B, integrins. There are no free SH
groups in o By. 3) The method used 3-(N-maleimido-propionyl) biocytin (MPB;
Molecular Probes), a biotin-conjugated maleimide derivative, to detect free —-SH groups

in the case of LFA-1 in previous publications (89) were not as sensitive as biotin BMCC



system in my experiments, or my results were due to non-specific reactions. The further
comparison of these two -SH group labeling systems may be required to clarify this
controversy. However, no matter what is the correct explanation, it is possible that DTT
can activate integrins through both signal pathway or by directly reducing integrin
disulfide bonds.

The fact that both adhesive (Jurkat) and non-adhesive (IM9) cells express free —SH
groups on [3; chains also contradicts a model for disulfide pairing patterns based on B3
integrins (56), in which all cysteine are predicted to be in paired disulfide bonds. There
appears to be some support for my results in a recent publication where it was shown that
ligand binding induced the formation of a new disulfide bond in a fraction of a3, on
platelet surface (138). Thus the exchange of integrin disulfide bonds on cell surfaces may
be an important mechanism of control integrin function, at least in several f, integrin
families. The further localization of these free —SH groups before and after DTT
treatment should be of significance in integrin structure studies in the future. Several
methods including the point mutations of putative cysteines and proteinase digestion of

biotin-BMCC labeled B, chain may be useful to address this question.

To identify possible functional reductase systems in vivo that control disulfide bond
exchange is another important theme. Although we failed to demonstrate the role of cell
surface PDI in integrin mediated cell adhesion (134), other molecules such as fibronectin
and integrins themselves as suggested above might play similar role of DTT in facilitating

disulfide exchange in vivo. This work, by accident, found a potential application of
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bacitracin, an antibiotics, in regulating #; integrin function. Bacitracin and its derivatives

may have some clinical significance in control of inflammation and tumor in future.

4.3b The region around B3B11 and B44 epitope may involve in o/f subunits

interaction.

In addition to the possible effects on B1 intrachain disulfide bonds association,
B3B11 and B44 group antibodies may also influence the interaction of o/ B subunits. Two
/B chain interacting regions on B3 chain corresponding to the I domain and the membrane
proximal region have been suggested by Calvete (56), The B3B11 and B44 epitopes are
located in the latter region. It has been suggested that some LIBS may be present at the o/
interface (100). Protein cross-linking studies may be useful in obtaining information about

/B chain interactions in this region.

4.3¢ The role of O-linked carbohydrate in B1 integrin.

Integrins are glycoproteins, which contain 14 and 12 potential N-linked
glycosylation sites on o and B subunits, respectively. The roles of N-glycosylation have
been reported before (59, 60). Although one O-glycosylation site has been localized to
Ser® in ouyp and the effects of O-linked glycosylation on VLA-4 and VLA-5 dependent
HL60 cell adhesion has been reported (62), there is little information about O-linked

carbohydrate in the 3 chain.
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In this study and the previous study, several pieces of information suggest that the
B44 epitope is an O-linked carbohydrate dependent epitope. These include: 1) Screening
human B integrin NovaTope libraries with B44 failed to find any positive clone although
B44 recognized a linear epitope on human B; chain with high affinity. This library was
established in E.coli, carbohydrates can not be expressed properly in this system. 2) The
B44 epitope is resistant to N-glycosidase F but is sensitive to TMSF, which removes both
N and O-linked carbohydrates (Li A and Wilkins JA unpublished observation). 3) The
B44 epitope is sensitive to O-sialoglycoprotein endopeptidase that specifically digests O-
linked carbohydrate protein although the cleavage site may be several amino acids away
from the O-glycosylation site (Figure 3.25f). 4) The B44 epitope has been localized
between residues 355 and 425 with human/mouse chimeric integrins, however, neither
B44 recognize the peptides derived from the region 355-425 nor do these peptides block
B44 recognition of the native f; chain. These peptides cover all immunogenic sites in this
region (Figure 3.25¢). Thus, an O-glycosylation site may exist in this ligand induced
binding site. However, these results cannot rule out other possibilities: 1) The repertoire
of NovaTope libraries was not big enough to cover the B44 epitope. 2) Peptide-borne
B44 epitope was chemically modified during TMSF deglycosylation so that B44 can not
recognize it. TMSF may oxidize some groups of amino acid during deglycosylation. 3)
Although O-sialoglycoprotein endopeptidase is highly specific for O-sialoglycoproteins
and no significant cleavage has been seen in hundreds of non-glycoproteins, we cannot
rule out that it could cleave the B44 binding site on human B1integrin through the
enzyme itself or traces of bovine serum proteases in the product. 4) That the linear

peptide PKKDSD, which is located in residue 418 to 423 of human B 1 chain, might be
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B44 epitope cannot be ruled out. This hexameric peptide was not included in the previous
used two overlap peptides (see Figure 3.25¢). In order to further confirm that B44 did not
recognize linear peptide epitope, two more experiments need be done: 1) ELISA to test
whether B44 binds synthetic peptide PKKDSD. 2) ELISA or western-blot to test whether
B44 binds recombinant protein that contains the amino acids of 355-425 of the human B,

chain.

It has been suggested that carbohydrate moieties play important roles in
glycoproteins including stabilization of specific protein conformations, protection against
proteolytic degradation and modulation of biological activity. However at this point, it is
not clear as to what the role of O-linked carbohydrates might be in this ligand induced
binding site. It may mediate intramolecular interaction or mediate interaction with the o
chain or other integrin associated proteins. These interactions may be necessary to keep
integrin in inactive form. It will be interesting to examine B,integrin function and B44
epitope expression after the cell O-glycosylation pathway is inhibited. It will be also
interesting to determine whether this O-glycosylation site exists in all other integrins and

plays similar roles.

4.4 Phorbol ester PMA induces B integrin loss from the cell surface.

Integrin internalization and shedding haven’t been well studied although there are a
few publications (65,66). This mechanism may be important during cell migration. In this
study, I found dramatically reduced B, integrin levels on K562 cell surface after PMA
treatment in 37°C 30 minutes. Further investigation this phenomenon may provide some

valuable information for cell adhesion and migration.
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Summary: This study has localized several regulatory epitopes in human B;chain. The
roles of long range disulfide bonds, divalent cations and O-linked carbohydrate in control
of integrin function have been investigated. A model that suggests NH2 terminal cysteine
rich domain (N domain) is the “door” of integrin family has been proposed. However,
this study has not obtained direct evidence that the N domain does interact with the I-like
domain. Besides, B44 epitope and the locations of free —SH groups in Bchain are still not
clear. The mechanism of rapid down regulation of integrin on K562 cell surface by PMA
has not been addressed. All of these should be interesting for future investigation.

Like many other investigators, we have used high concentrations of divalent
cations or the reducing agent DTT to induce cell adhesion. These reagents have provided
some useful information in integrin conformations that can bind ligand. However,
integrin structures induced by these reagents may differ from their natural conformations
in physiological and pathological environments in vivo. That multiple stimuli and
inhibitors exist at the same time and the dynamic nature of these regulators allows for
responsive means of regulating integrin activities. There is a clear need for the

development of better systems to monitor integrin conformational transition in vivo.
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The B, integrins can be expressed on the surface of
cells in a latent form, which is activated by a variety of
stimuli. As an approach to examining the transition to
an active receptor, a panel of stimulatory antibodies to
B; were produced and characterized. These antibodies
induced adherence of the T-leukemic cell line Jurkat to
collagen and fibronectin. Competitive antibody binding
assays indicated the existence of at least three distinct
epitope clusters A (B3B11, JB1B, 21C8), B (B44, 13B9),
and C (N29) defined by the indicated antibodies. Two
antibodies to the A site, JB1B and B3B11, were shown to
localize to positions 671-703 and 657-670, respectively,
of the B,. This region is located in an area encompassing
a predicted disulfide bond between linearly distant cys-
teines in B, (Cys*'®-Cys®”). The homologous region of
the §; integrin (490-690 and 602-690) has been shown to
be one of the sites recognized by stimulatory antibodies
to ligand-induced binding sites. The present results in-
dicate the existence of multiple stimulatory regions and
suggest considerable homology between the locations of
B, and B3 regulatory sites.

Members of the integrin family mediate cellular adherence
to a variety of extracellular proteins (e.g. collagen, fibronectin,
vitronectin, laminin) or to cell surface-associated molecules
through homotypic or heterotypic (1-3) interactions. Several
cell types (e.g. platelets, leukocytes) express some of the inte-
grins on their surfaces in latent forms. It is only subsequent to
cell activation that these molecules display binding potential
for their cognates (4-7).

The mechanisms responsible for the transition to an acti-
vated state are unknown. However, it is apparent that receptor
conformational charges are associated with the generation of a
functional complex (8—10). A number of antibodies that can
activate receptors have been described for the integrins (11—
18). In the case of ay,B;, a number of the stimulatory antibod-
ies (anti-LIBS1, D3GP3 (14), anti-LIBS2 (15), anti-LIBS3, anti-
LIBS6 (16), and AP5 (17) recognize epitopes that are
expressed on ligand occupancy of the receptor. Some of these
anti-LIBS reagents have been particularly useful in probing
aspects of cation requirements for receptor function and for the
localization of possible regulatory regions of the molecule (10,
17). However, there is considerably less information about reg-
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ulatory sites on other members of the integrin family.

The B, integrins play a critical role in the functional activity
of lymphocytes by influencing cellular distribution patterns
and by functioning as costimuli for differentiation or prolifer-
ation induction (20, 21). Similar to the aypBs system, the func-
tional status of the B, integrins is stringently controlled with
activation being induced by a variety of stimuli including an-
tibodies to the 8; chain (11-13). ‘

Two groups have reported on the locations of some of the
regulatory regions of the 8, integrins using monoclonal anti-
bodies to the B; chain (22, 23). The result of one study sug-
gested that there may be multiple regulatory regions (23),
while a second indicated that the majority of stimulatory and
inhibitory antibodies reacted with a very restricted region of
the B, molecule (22). Studies from the B3 integrin system would
seem to support the existence of multiple distinct regions de-
fined by regulatory antibodies.

As an approach to defining the number and location of po-
tential regulatory sites on the B, chain, we have identified and
characterized six stimulatory antibodies. The relative positions
of the epitopes recognized by these antibodies were determined
by competitive binding studies. Furthermore, the location of
one set of such epitopes in the B; molecule was determined.

EXPERIMENTAL PROCEDURES

Materials—Unless otherwise indicated, all chemicals were pur-
chased from Sigma. Media, fetal bovine serum, and fibronectin were
obtained from Life Technologies, Inc. Custom synthesized peptides
were purchased from Chiron Mimotopes Peptide Systems.

Antibodies—Mice were immunized with Jurkat-derived B, integrins,
which had been affinity purified with the anti-human B; monoclonal
antibody JB1 (24). Hybridomas were produced and enzyme-linked im-
munosorbent assay screened for reactivity with purified B8, (25, 26).
Positive clones were screened for reactivity with electroblotted proteins
of SDS, 7% polyacrylamide gel electrophoresis-separated Jurkat pro-
teins and their abilities to immunoprecipitate B, integrins from 125]
surface-labeled Jurkat cells (7). Antibodies were purified from the 30—
50% ammonium sulfate fractions of ascitic fluid on a protein A-Sepha-
rose column (26).

Biotinylation—Protein A-purified antibodies, 10 mg/ml, were sus-
pended in 50 mM sodium bicarbonate, pH 8.5, and reacted with N-
succinyl LC biotin, 400 pug/ml (Pierce), for 30 min at room temperature.
The buffer was exchanged with PBS,! 0.1% sodium azide using Centri-
con-30 centrifuge column (Amicon). The final sample was adjusted to
0.5-1.0 mg/ml.

Cells and Culture—The human T cell leukemia Jurkat was grown in
RPMI 1640 supplemented with 10% fetal bovine serum and 50 uMm
2-mercaptoethanol.

CHO cells transfected with human as, provided by Dr. R. Juliano
(27), were cotransfected by electroporation with pFnRp, a construct
containing the full-length human g, gene provided by Dr. E. Ruoslahti
(28), and pREP4, a vector carrying the hygromycin reductase marker,
provided by Dr. M. Tykocinski (29). The cells were cultured for 48 h in

! The abbreviations used are: PBS, phosphate-buffered saline; CHO,
Chinese hamster ovary; BSA, bovine serum albumin; bp, base pair(s).
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RPMI with fetal bovine serum containing G418 (80 ug/ml), after which
hygromycin B was added (300 units/ml). Transfectants reacting with
the anti-human 8, monoclonal, JB1 (24), were selected by fluorescence
activated cell sorter and cultured in the selection media. This cycle was
repeated three times to achieve stable lines. It was found to be neces-
sary to use the CHO «; as the host cell for B, expression, as in our hands
the wild type CHO cells did not efficiently express the human B, gene
product. Specificity of the transfectants were confirmed using a panel of
monoclonal antibodies to 3, including JB1A (30), 383 (31), and JB1 (24).

Cell Binding Assay—Binding assays were performed as described
previously (12). Non-tissue culture microtiter wells were coated with
purified plasma fibronectin (5 pg/ml) or type I collagen (20 pg/ml). The
wells were washed and blocked with 1% BSA in RPMIL Jurkat cells
prelabeled with ®'Cr were preincubated with the indicated antibodies
for 30 min and then added (10%/well) to fibronectin, collagen, or BSA-
coated wells and incubated for 1 h at 37 °C. The nonadherent cells were
removed by three washes with PBS, 1% BSA. The bound cells were
solubilized in 1% SDS, and the levels of radioactivity were quantitated.
Each assay was performed in triplicate, and the experiments were
repeated at least three times. The S.E. of the replicates was less than
15%.

Competitive Binding Assay—Cells were suspended (5 X 10%) in PBS,
1% BSA in a V-bottom 96-well microtiter tray and incubated in the
presence of the indicated concentration of unlabeled antibody for 1 h at
4 °C. The cells were washed with PBS-BSA, after which biotinylated
reporter antibody (0.2 pg/ml) was added for 30 min at 4 °C. The cells
were washed, reacted with a horseradish peroxidase-conjugated avidin
complex, washed again, and the color was developed with substrate 400
pg/ml O-phenylenediamine. The reaction was stopped by the addition of
an equal volume of 10 M H,S0, and quantitated at 492 nm.

Epitope Library Production and Screening—Libraries were con-
structed using the NovaTope system (Novagen Inc.) according to the
supplier’s instructions. The method based on the use of modified pET
expression vectors consisted of digesting the full-length pFnRB with
DNase I in the presence of Mn?* and size fractionating the random
fragments by electrophoresis in 1.2% agarose gels. The 50~150-bp or
150-300-bp fragments were flush ended with T4 DNA polymerase,
single dA-tailed, and ligated into the EcoRV site of the pTOPE-1b(+)
plasmid. Novablue (DE3) cells were transformed with the plasmid, and
colonies were immunoscreened with a panel of anti-B; monoclonal an-
tibodies and an alkaline phosphatase-conjugated rabbit anti-mouse im-
munoglobulin (26). Positive colonies were subcloned and examined for
reactivity with the antibodies. The inserts from individual clones were
sequenced using a T7 gene 10 primer.

Enzyme-linked Immunosorbent Assays and Blocking Assays—Pep-
tides were suspended at 10 ug/ml in 0.1% dimethyl formamide in water
and allowed to dry overnight, 0.5 ug/well, in Nunc Maxisorb plates. The
plates were washed three times with 0.5% Tween 20 in PBS and blocked
for 2 hours at room temperature with 2% BSA in PBS. The indicated
antibodies (5 ug/ml) were added to the wells, and the binding was
quantitated using a peroxidase rabbit anti-mouse IgG conjugate and
developed with 400 pg/ml O-phenylenediamine as substrate.

Blocking assays were performed by preincubating antibodies (150
ng/ml) with the indicated peptide concentrations for 2 h. The antibodies
were then added to Nunc plates coated with affinity-purified placental
B, integrin (32). The color was developed after reaction of the wells with
alkaline phosphatase-conjugated rabbit anti-mouse immunoglobulin
and substrate.

RESULTS

Anti-B; Antibodies—The characteristics of the antibodies
used in this study are listed in Table I. The specificity of the
antibodies for the B, integrin chain were demonstrated by
several methods. The antibodies specifically stained CHO cells
stably cotransfected with human o, and B, cDNAs (Fig. 1). In
contrast, neither the wild type cells nor those transfected with
only the oy chain showed any binding with these antibodies.
Each of the antibodies was also shown to immunoprecipitate all
of the B, species (L.e. ay, oy, and o) on Jurkat cells (Refs. 8 and
19 and data not shown).

Previous studies had demonstrated that Jurkat cells display
a low level of adherence to immobilized collagen (7). However,
following stimulation with phorhol 12-myristate 13-acetate (7,
12) or some antibodies to the «, or 8, chains (12), there was a
marked increase in adherence. When a panel of anti-8; re-
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TaBLE
Antibody properties
Antibody  Specificity IP°  Blot® Activity” Reference
JB1 B, + - NULL 24
JBI1A B, + + Inhibitory 30
3583 B, + - Inhibitory 31
B3B11 By + + Stimulatory  This study
N29 B, + + Stimulatory  This study
JB1B B, + + Stimulatory 12
21C8 By + - Stimulatory  This study
13B9 B, + - Stimulatory  This study
B44 B, + + Stimulatory  This study

“ Antibody is active in immunoprecipitation.
¢ Antibody is active in immunoblot of reduced antigen.
¢ Effect of antibody on adherence to fibronectin and collagen.

agents was analyzed for the effects on Jurkat adherence, six
stimulatory antibodies were identified (Fig. 2). This stimula-
tion was detectable within 30 min of exposure and lasted for
several hours (Ref. 12 and data not shown). This effect was not
a property of all antibodies to 8, as 353 (31) and JB1 (24) did
not induce adherence. In the case of 383, there was inhibition
of the low level of spontaneous binding of these cells to collagen.

Competitive Binding of Stimulatory Antibodies to Jurkat
Cells—The identification of several monoclonal antibodies with
similar biological activities raised the possibility that they were
reacting with a commmon region of the B, chain. To address this
question, competitive blocking studies were performed in
which cells were preincubated with an unlabeled competitor
antibody. A biotinylated reporter antibody was then added, and
the level of binding was assessed relative to that in the absence
of competitor.

Fig. 3 gives an example of the type of results obtained using
JB1B. There was a dose-dependent inhibition by the unlabeled
JB1B. There was also competition by B3BII and 21C8. In
contrast, another stimulatory antibody (N29) and sn inhibitory
antibody (3S3) failed to influence JB1B binding. Similar exper-
iments were performed with each of the antibodies, and a
summary of the results is given in Table II. Based on these
results, it appears that there are at least three regions of the 8,
integrin that can act as targets for antibodies which activate
integrin function. These are designated group A (B3BII, JB1B,
21C8), group B (B44, 13B9), and group C (N29).

The Localization of JBIB and B3BI11 Stimulatory
Epitopes—As JB1B, B3B11, and 21C8 appeared to recognize a
related region of the B8; molecule, it was decided to focus on
these epitopes for further studies. Preliminary results had
indicated that the epitopes recognized by JB1B and B3B11
were likely to be linear sequences of the B, chain since reduc-
tion did not influence antibody binding to By integrins on im-
munoblot. In contrast, the 21C8 epitope was most probably a
discontinuous one, as it was reduction sensitive. To increase
the likelihood of identifying the locations of both continuous
and discontinuous epitopes, a random B, epitope fusion protein
library containing large By inserts (150-300 bp) was
constructed.

The library was screened with a pool of JBI1B, B3B11, and
21C8, and five reactive colonies were identified. Assay of the
individual clones with each of the antibodies indicated that
JB1B and B3B11 reacted with all five clones; in contrast, 21C8
failed to react with these clones. Immunoblot analysis of SDS-
polyacrylamide gel electrophoresis-separated lysates of one of
the clones, B, under reducing conditions indicated that JB1B
and B3B11, reacted with a 46-kDa band corresponding to a
fusion protein (Fig. 4B), containing an insert of approximately
65 amino acids. In contrast, an inhibitory anti-g,, JB1A, failed
to react with this band, thus indicating the specificity of the
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Fic. 2. The induction of Jurkat cell adherence to type I colla-
gen. A, Jurkat cells were pretreated with the indicated anti-B; mono-
clonal antibodies for 1 hour, after which adherence to immobilized
collagen was determined. B, a comparison of JB1B, B3B11, and 21C8
induced adherence. Values represent the mean of sextuplicate assays.
All values were within 10% of the mean.

reaction. It was noteworthy that 21C8 gave a very weak reac-
tion with reduced proteins from this clone (Fig. 4B, lane 3) but
not with unreduced fusion protein (data not shown).

The screening of a second epitope library containing smaller
inserts (50-150 bp) identified a single colony, which reacted
with the antibody pool. The product of this clone, B3, was found
to react with B3B11 but not 21C8 or JB1RB (Fig. 44). Based on
these results, it is clear that these antibodies recognize distinct
epitopes. Furthermore, as predicted by the competitive binding
studies, the JB1B and B3B11 epitopes are in close proximity to
one another on the g, chain.

o N29 v
mmo T o 21C8 .
& + B3B11
T 80, v 353
5 o JBIB
m
% 60 |
§
5 40 +
B
S o0t
3
O i L 1 L
0.01 0.1 1.0 10 100
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Fic. 3. Competitive blocking of JB1B binding to Jurkat cells
by monoclonal antibodies to B, integrin chain. Blocking studies
were performed as described under “Experimental Procedures.” The
stimulatory antibodies JB1B, B3B11, and 21C8 inhibit JB1B binding.
Another stimulatory anti-B,;, N29, and an inhibitory antibody, 3S3, do
not affect JB1B binding. Results are expressed as the percent inhibition
of JB1B binding relative to that of JB1B to untreated cells.

The analysis of the DNA sequences of the inserts in those
clones containing both the B8B11 and JB1B epitopes (A, B, D,
G, E) indicated that these epitopes were located in a peptide
containing a predicted amino acid sequence (33) corresponding
to residues 636705 of the mature B, chain (Fig. 5). The B3
insert sequence further served to localize the B3B11 epitope to
amino acids 648-670. Based on the overlap of the clone se-
quences, the JB1B epitope would appear to be contained in the
peptide spanning residues 671-703.

The sites of reactivity of BS8B11 were further examined using
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TasLe II
Summary of competitive antibody blocking studies

Each experiment was performed three times with triplicate samples in each assay. +, >80% and —, <10% inhibition of binding of labelled

antibody by 20 ug/ml of competitor antibody.

A B C
JB1B B3B11 21C8 B44 13B9 N29 JB1 353
JB1B + + + - - - - -
B3B11 + + + - - - - -
21C8 + + + - - - - -
B44 - - - + + - - -
13B9 - - - + + + - -
N29 - - - - - + - -
JB1 - - - - - - + -
333 - - - - - - - +
A B 1.5
N R1B =
B3B11
- i - 21c8
| ’ £X3 JB1A
o >
H H f ) I ;:
- | —_ T A
@ -
—_— : S 05}
12345 12345 o
FiG. 4. Localization of JB1B and B3B11 epitopes on B, fusion
proteins. Bacterial lysates of clones expressing B, integrin fusion pro-
teins were screened with 1) JB1B, 2) B3B11, 3) 21C8, 4) JBIA, and 5) 0.0 B o~ .
no first antibody. Molecular mass markers indicated by the arrows are P1 P2 P3

30, 46, 69, and 98, respectively. A, reactivity of clone B3 with B3B11; B,
reactivity of clone B with JB1B and B3B11. Weak reactivity with 21C8
was also noted under reducing conditions.

Beta 1 Amino Acld Poslition

630 650 670 690 710
AN N N I U S Y B

m ® O » ©

636 EKKDTCTQECSYFNITKVESRDKLPQPVGPDPVSHCK 672

673 EKDVDDCWFYFTYSVNGNNEVMVHVVENPECPT 705

Fic. 5. Predicted amino acid location of the inserts in the
mature f; chain. Fusion proteins from clones G, A, B, D, and E react
with both JB1B and B3B11. The product of clone B3 reacts with B3B11
but not JB1B. The sequence of positions 636~705 of the B, chain is
given in the lower portion of the figure. This corresponds to the region
spanned by the insert in clone G.

three overlapping peptides, which spanned the predicted se-
quence of the B3 fusion protein. B8B11 reacted specifically
with the peptide P3, which corresponded to residues 657—670
of the B, sequence (Fig. 6). In contrast, neither of the other two
peptides, P1 and P2, spanning the remainder of the B3 insert
was bound by B3B11. There was also no reactivity of the other
two competing antibodies, 21C8 or JB1B, with any of the
peptides.

Further support for P3 being the location of the B3BI11

Fic. 6. The reaction of anti 8, antibodies with synthetic pep-
tides corresponding to the B3B11 epitope of B,- Three overlapping
peptides corresponding to residues 636—649 (P1), 646—659 (P2), and
657—-670 (P3) were examined for their reactivities with JB1B, B3B11,
and 21C8. These fragments spanned the entire sequence of the B3 clone
isolated from the epitope fusion library (Fig. 5).

epitope was obtained with the demonstration that only this
peptide inhibited the binding of B3B11 to purified B, integrin
(Fig. 7). Neither P1 or P2 peptides blocked B3B11 binding.
Furthermore, the P3 effect appeared to be specific as it did not
influence the binding of an unrelated antibody to B, JB1A.
These results indicate that the B3B11 epitope is contained in
residues 657-670 and that it lies in close proximity to the JB1B
epitope.

DISCUSSION

The results of the present study provide several new pieces of
information: 1) the characterization of a panel of antibodies to
B, that induce Jurkat adherence to collagen; 2) the demonstra-
tion of the presence of at least three distinct B, sites, which
stimulatory antibodies can react with, i.e. group A (B3BII,
JB1B, 21C8), group B (B44, 13B9), and group C (N29); 3) the
localization of the epitopes detected by some of group A anti-
bodies (JB1B, B3B11) to a membrane proximal region (648
705) of the B, integrin. The biological activities of the anti-
bodies described in this study are not unique as a number of
stimulatory antibodies to both 8, (11-13), B, (18), and By (14—
17) integrins have been described. However, it was possible
through the use of this panel to begin to address the location
and existence of multiple regions of the integrin, which could
act as targets for stimulatory antibodies.

In two previous studies relating to this point, there were
somewhat divergent views presented on the question of the
number of regulatory sites (22, 28). Takada and Puzon (22)
observed that the region 207-218 of the 8, appeared to be
critical for the generation of epitopes, which were recognized by
a number of inhibitory and stimulatory antibodies. These re-
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Fi6. 7. Competitive inhibition of B3B11 binding to purified B,
by P3. B3B11 was preincubated with peptides 1 (¥), 2 (V), or 3 (®) and
assayed for residual binding to immobilized purified B, integrin, The
effects of P3 on JB1A (O) were also determined.

sults were based on the observations that the expression of
human regulatory epitopes on interspecies B, chimeras re-
quired inclusion of this region of the human B, integrin. It was
also possible to demonstrate that the introduction of multiple
point mutations (S207H, E208K, N210E, K211V) into the
highly conserved homologous region of the chicken integrin
resulted in the generation of epitopes recognized by anti-hu-
man f3; monoclonal antibodies. Thus, it appeared that a single
region of the 8, was capable of modulating 8, function in either
a positive or a negative fashion. The authors did, however, note
that there might be other regulatory regions, as it was not
possible to localize the epitopes of all regulatory antibodies.

Shih et al. (28) used a similar approach but found that the
expression of regulatory epitopes mapped to two distinct re-
gions using chicken mouse chimeric B8, molecules. Epitopes
related to the interference with ligand binding appeared to
localize to the first 260 residues of the molecule. In contrast,
those antibodies that altered ligand specificities or interfered
with «-B; association were dependent upon the more mem-
brane proximal parts of the integrin. Their results were inter-
preted to indicate the presence of multiple regulatory regions
with the inhibitory and stimulatory epitopes mapping to dif-
ferent sites on the 8, chain.

Two antibodies of the group A cluster, JB1B and B3B11,
localize the membrane proximal region of the B, (648-705).
The third antibody in this cluster, 21C8, reacts with a discon-
tinuous epitope, which is not detectable on Western blot. The
B3B11 (657-670) and JB1B (671-705) flank Cys®"!, which is
predicted to be involved in a disulfide bond with Cys*!5 (34).
Such a bond would bring sequentially distant regions of the 8,
chain into close spatial proximity. The predicted B, disulfide
bonding pattern is based upon those of the B3 chain, as both
integrins have an identical number of cysteines, and a homol-
ogous pairing pattern has been proposed (83, 35). However, the
sequences in this region do not show significant homology.
Thus, while the disulfide bond locations may be similar, the
intervening sequences are completely different.

It is noteworthy that several anti-LIBS to Bs chain, which
activate adhesion, have been suggested to map in the 490-690
using interspecies 85 chimeras (17). In the case of anti-LIBS2,
the reduction-sensitive epitope has been localized to 602—690
(10). Thus, a number of stimulatory monoclonal antibodies
appear to bind to the sterically constricted region of B3, which
is homologous to the A region on 8,.

The results of our competitive binding assays support the
existence of at least three 8, regions, which are the targets of

Stimulatory Epitopes on B, Integrins

stimulatory antibodies. The presence of multiple sites is con-
sistent with the results of the B3 chain, where three regions
have been identified as sites of stimulatory anti-LIBS activity
(14-17). It has been suggested that these sites may be in close
proximity in the intact molecule as a result of long range
disulfide bonds (17). By analogy, it would appear that the A
region of B, corresponds to the LIBS2, LIBS3, LIBS6, P41 site
of B3 (10, 17). A second site in B; (1-6) recognized by AP5
encompassed a Cys® involved in a long range disulfide bond
(17). Preliminary data suggest that N29 reacts with an epitope
within the first 100 amino acids of 8,.2 It will be of interest to
determine the relationship between the N29 epitope and that of
AP5 on B3. The group B epitopes have not been localized to
date.

In summary, it would appear that there is homology between
the sites recognized by the group A antibodies and some of the
Bs stimulatory epitopes. It remains to be determined if these
antibodies are similar to the LIBS-type reagents of the Bs
system. Preliminary data do indicate differences in expression
levels on adhesion-competent and latent cells.® However, the
stringency of expression on the Iymphoid cells does not appear
to be as great as for the LIBS.

We have previously demonstrated that several of the anti-
bodies in this panel can have a number of effects on adhesion
(12), intracellular signaling (36), and the association of cytoso-
lic proteins (37). It will be of interest to determine whether
interactions with the different stimulatory regions will differ-
entially influence these other parameters of integrin
activation.
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Localisation of a Novel Adhesion Blocking Epitope on
the Human B, Integrin Chain
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Members of the B, integrin family mediate cellular adherence to a wide range of extracellular
and cell surface associated ligands. Conformational changes have been shown to be associated
with integrin activation and ligand binding. Some studies suggest that there may be a restricted
region of the $, integrin that serves as the target for regulatory antibodies which can inhibit or
stimulate integrin function. Here we identify an inhibitory epitope that is located at a distinct
sight from that suggested for other inhibitory antibodies. Three different adhesion blocking
antibodies, JB1A, C30B, and D11B bind to a peptide corresponding to residues 82-87 of the
mature 3; chain. Mn** inhibited the binding of JBIA to purified B, integrin. In contrast the
binding of several other antibodies to {31 were not influenced by these conditions. JB1A binding
to purified peptide was also inhibited by Mn** suggesting that it related to interference with the
antibody function rather than a cation dependent change in the epitope. Our data 1) directly
demonstrates the peptide sequence recognised by three adhesion blocking antibodies to the
human B, integrin chain 2) identifies a novel epitope located at residues 82-87, distinct from that
of previously described regulatory epitopes 3) characterises a Mn** sensitive antibody integrin
interaction. Collectively, these results indicate the existence of ‘multiple regulatory sites on the
B, integrin molecule.

Keywords: B, Integrin, blocking, epitope, human

INTRODUCTION lead to phenotypic changes in the cells which express

them such as the induction of proliferation [21,28],

The integrins represent one of the- major families of
adhesion structures expressed on eukaryotic cells
[17]. They mediate interactions with components of
the extracellular matrix [31], cell surface proteins [4]
and infectious agents [18]. Ligand contact can also

the generation of apoptotic signals [14,41] or the
activation of gene expression [37,40]. Integrin
dependent activation of a number of signalling
pathways such as phospholipid metabolism [7], Ca**
and protein phosphorylation [25,26] have also been
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observed. Thus substrate interactions via integrins can
provide both positional and response pattern cues to
cells which express them.

The integrins are heterodimeric transmembrane
proteins in which each subunit consists of a large
extracellular domain, a single membrane Spanning
region and usually a short cytoplasmic region [16].
The a B receptor pair defines the ligand binding
specificity of each integrin. Thus the association of
one of several « chains with a given B chain leads to
the final specificity of the receptor complex. While the
molecular mechanisms responsible for ligand recog-
nition and specificity are unknown, it is clear that both
@ and B chains are involved in ligand contact.

Peptides containing Arg-Gly-Asp (RGD), a
sequence recognised by many but not all integrins
[3,23] or KQAGGDV [19], a sequence from the
carboxyl terminus of the -y chain of fibrinogen which
is recognised by amsp,, have been used in Cross-
linking studies to localise the ligand contact sites of
the B; integrins [9,30]. The KQAGGV peptide was
found to be associated with residues 294-314 of the Bs
chain [9]. While RGD peptides were crosslinked to Bs
regions containing residues ( 109-171) and (66-203) in
oms B3 [9] and «,B5 [30] respectively. Further support
for the potential involvement of this region in ligand
binding derives from the observations in ansf3; that
antibodies that react near this region block integrin
binding to fibrinogen [1]. A naturally occurring point
mutation in B; (119 D — Y) or site directed
mutagenesis of homologous residue of the B; (130D
— Y) chain resulted in the loss of ligand binding
potential [20,35]. More recently it has been demon-
strated that this region of the B chain is involved in
both ligand and cation binding [10]. This may serve to
explain some aspects of cation dependency of integrin
function.

The overall amino acid homolégy of the 8 subunits

(45-50%) as well as the presence of selected areas
with very high levels of homology (80%) in B
subunits suggests that there may be considerable
similarity in the regulation and binding mechanisms
of the different integrins [15]. However, there is
relatively little known about these aspects of the
functioning of non-B; integrins. Epitope mapping

studies of the B, integrins using interspecies [,
chimeras have provided some insight as to the
possible locations of inhibitory and regulatory epit-
opes [27,36]. In one case the expression of the
epitopes recognised by several regulatory antibodies
were found to be sensitive to the amino acid changes
in residues 207-218 of the B subunit [36]. This has
lead to suggestions that a single region may be the
target of all known regulatory antibodies to the human
B, integrin chain.

The present study identifies and localises a novel
epitope that is recognised by several antibodies to the
B, chain that block adhesion. This epitope is distinct
from previously described regulatory sites. Evidence
is also presented for a Mn**-sensitive interaction of
one of these antibodies.

MATERIALS AND METHODS

Materials

Unless otherwise indicated all chemicals were. pur-
chased from Sigma Chemicals. Media, fetal bovine
serum, and fibronectin were obtained from Gibco Life
Sciences. Custom synthesised peptides were pur-
chased from Chiron Mimotopes Peptide Systems, CA
and from Research Genetics, AL. The purity of all
peptides was greater than 85%.

Monoclonal Antibodies

The antibodies JB1A [33], JB1 [6] 3S3 [11] and
B3B11 [39] have been described previously. Anti-
bodies, AP-138, and AIIB2 [5] were provided by Dr.
Andrew Shaw, Cross Cancer Research Institute,
Edmonton, AB and Dr. Caroline Damsky, Dept. of
Anatomy, UCSF respectively. A summary of the
properties and specificities of the antibodies used in
this study is provided in Table I. The specificities of
the antibodies for 3; were confirmed as previously
described using CHO cells transfected with the
human B3; gene [39].
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TABLE I Properties of Antibodies used in this Study

Antibody IP*  Blot® Activity® Ref.
JB1 + - weak stim. [6)
JB1A + + inh. [33]
C30B + + inh. (This study)
D11B + + inh. (This study)
383 + - inh.,agg. [29]1
AP-138 + - inh.,agg. -
AlIB2 + - inh.,agg. [5}
B3B11 + .+ stim. {39]

*ability to immunoprecipitate By; Preaction of antibodies with
reduced B, on immunoblot; “effects of antibodies on cellular
adherence to type I collagen and fibronectin; inh.-inhibits adher-
ence; stim.-stimulates adherence; agg.-induces homotypic aggrega-
tion of Jurkat cells.

Cells and Culture

The human lymphoid cell lines Jurkat and IMO9
(ATTC) was grown in RPMI 1640 supplemented with
10% heat inactivated fetal bovine serum.

Cell Binding Assay

Non-tissue culture treated microtiter wells were
coated with purified plasma fibronectin, Spg/ml
(Gibco Life sciences) or collagen, 20 pg/ml, as
previously described [38]. The wells were washed and
blocked with 1% BSA in RPMI.

Cells were normally suspended in RPMI-1640.
However for the Mn** studies, they were resuspended
in Puck’s saline alone or with the indicated cation
concentration and then added to fibronectin or BSA
coated wells (2 X 10°/well) and incubated for 60
minutes at' 37°C. The non-adherent cells were
removed by centrifugation of the inverted plates for 5
minutes at 70 X g and the supernatants were removed.
The adherent cells were fixed and stained for 30
minutes with 0.5% crystal violet in a 30% solution of
methanol in water. The plates were washed with water
to remove unbound dye and air dried. The residual
dye was solubilised in methanol and the absorbance at
550 nm was determined. Binding to collagen was
induced in Jurkat cells by stimulating the cells with
PMA, 20 ng/ml, for 30 minutes prior to assaying for
adherence [38]. In all assays the adherence to BSA
was subtracted from the values obtained for the

fibronectin coated wells. All experiments were per-
formed at least three times in sextuplicate. All values
were within 15% of the mean.

Epitope Library Production and Screening

Libraries were constructed using the NovaTope
system (Novagen Inc., Wisconsin) according to the
supplier’s instructions. The method based on the use
of modified pET expression vectors [32] consisted of
digesting pFnRB with DNAse I in the presence of
Mn** and size fractionating the random fragments by
electrophoresis in 1.2% agarose gels. The 50-150 bp
or 150-300 bp fragments were flush ended with T4
DNA polymerase, single dA tailed and ligated into the
EcoR V site of the pTOPE-1b (+) plasmid which had
been tailed with single 3'dT residues. Novablue
(DE3) cells were transformed with the plasmid, and
colonies were immunoscreened with a panel of anti-
B1 monoclonals and an alkaline phosphatase conju-
gated rabbit anti-mouse immunoglobulin. Positive
colonies were subcloned and examined for reactivity
with the antibodies. The inserts from individual
clones were sequenced using a T7 gene 10 primer.

Random Phage Peptide Display Library

An M13 phage based random peptide display library,
CMCC #3858, was provided by Chiron Corporation.
In this library random 15mer peptides are displayed
on the phage, M13LP67, as a gene III fusion proteins
[8].

Positive clones were selected by incubating 10
pfuin 1 ml of PBS with 1pg of biotinylated JB1A for
15 minutes with shaking after which 20l of strepta-
vidin conjugated magnetic beads (Dynal Inc., NY)
were added to the phage antibody mixture and
incubated for an additional 30 minutes. The beads
were magnetically collected and washed 8§ times, 1 ml
per wash, with PBS containing 0.1% BSA, 0.5%
Tween 20. The phage were eluted from the beads in
100pl of 0.1IM glycine-HCl, pH2.2, and neutralised
with 9ul of 2M Tris pH 8.0. The eluted phage were
amplified in competent MV1190 cells on LB agar
plates. The phage were purified by PEG NaCl
precipitation and tittered [29].
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The sequences of the inserts were determined using
double stranded DNA sequencing system (BRL/
GIBCO) and the oligonucleotide primer ACAGA-
CAGCCCTCATAGTTAGCG {8].

Purification of B, Integrin

Integrin was isolated from human placenta using a
modification of the method described by Smith and
Cheresh [30]. Briefly, 300g of washed placenta was
homogenized in 300 ml of 50 mM n-octylglucopyr-
anoside in 25 mM Tris pH 7.6, 150 mM NaCl, 2 mM
CaCl, and 1 mM PMSF. The homogenate was
centrifuged 10,000 X g for 1 hr at 4°C after which the
supernatant was collected and passed sequentially
through an ovalbumin sepharose 4B and a JBIA
sepharose 4B column at a rate of I mi/minute. The
column was washed sequentially with 20 column
volumes each of 1) 0.1% NP-40 in 25 mM Tris pH
7.6, 150 mM NaCl, 2 mM CaCl,, 2) 0.1% NP-40 in
0.01 M sodium acetate buffer pH 4.5. The B, integrin
was eluted from the JB1A column in 0.1% NP-40 10
mM sodium acetate buffer PH 3.6 and 3 ml fractions
were collected into tubes containing 0.5 ml of 3M Tris
pH 8.8.

The purity of the fractions were assessed by SDS-
PAGE and Coomassie blue staining. The fractions
containing B, also had a mixture of the associated
chains. However, the o and B; chains collectively
represented greater than 85% of the total stained
proteins. The presence of B1 in the fractions was
confirmed by western blot with JB1A and B3B11.

Antibody Binding to Peptides and Purified g,

For capture of biotinylated peptides on microtiter
trays, avidin was suspended at 5 pg/ml in water and
allowed to dry overnight, 0.5p.g/well, in Nunc

Maxisorb plates. The plates were washed three times _

with 0.5% Tween 20 in TBS and blocked for two
hours at room temperature with 1% BSA in TBS.
Biotinylated peptides, 100 PM, were added to each
well, washed and incubated with the indicated
monoclonal antibody at 150 ng/ml after which the
binding was quantitated using an alkaline phosphatase
conjugated rabbit anti-mouse IgG and substrate.

In the case of nonbiotinylated peptides, they were
dissolved in water and added to Nunc Maxisorb plates
at 100 pM each/well and allowed to dry overnight.
Following three washes with TBS 0.5% Tween 20,
the indicated antibodies were added at 5 pg/ml and
the ELISA performed as described above.

Cation Effects on Antibody Binding to peptides
and purified 1 integrins were assessed by mixing the
antibodies with the indicated cations in Puck’s saline.
The binding of the antibodies to peptides and purified

1+ were then quantitated by an ELISA as described
above.

Peptide Blocking of Antibody Binding to Purified
By Integrin

The indicated antibodies (150 ng/ml) were pre-
incubated with the indicated concentrations of peptide
for 18 hours at 4°C. The antibodies were then added
to Nunc Maxisorb plates that had been precoated with
affinity purified B, integrin. The level of binding was
quantitated using an alkaline phosphatase conjugated
anti-mouse IgG as described above. The experiments
were carried out three times with triplicates in each
assay. -

Flow Cytometry

Washed cells were resuspended in Puck’s saline with
the indicated divalent cations and saturating concen-
trations of antibody for 30 minutes. The cells were
washed three times in the corresponding buffer and
reacted with FITC labelled goat anti-mouse IgG. The
cells were washed and the level of staining was
determined using a BD FACScaliber. Gating was on
live cells and 10,000 events were analysed for each
sample. Representative data is provided for one of
three replicate experiments.

RESULTS

Characterisation of Antibodies

The antibodies used in the present study were selected
for their abilities to block integrin dependent adher-
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ence of Jurkat cells. As predicted from previous
studies, the antibodies AIIB2, JB1A, and 3S3 blocked
Jurkat binding to fibronectin 5,11,33] (Figure 1). AP-
138 also caused almost complete inhibition of adher-
ence. The antibodies DI1B and JB1A inhibited
adherence_80—85%, while C30B was consistently
observed to cause a lower level of inhibition that
varied between 30-50% inhibition in different experi-
ments. The specificity of the antibody effects was
demonstrated by the fact that another antibody to B,,
B3B11, [39] did not interfere with cell binding
(Figure 1).

0.7

Jurkat cells displayed a low level of oy, depend-
ent adherence to collagen that could be enhanced by
treatment with the phorbol ester PMA or with
stimulatory antibodies to the «, or the B, integrin
chains [34,38,39]. The antibodies 353, AP-138,
JB1A, and AIIB2 caused an 85%-90% inhibition of
adherence of PMA treated cells to collagen (Figure 1).
The adberence was also markedly inhibited (i.e.
>70%) by C30B and D11B. As previously reported,
B3B11 further enhanced the binding of Jurkat cells to
collagen [34]. These results indicated that the anti-
bodies JB1A, 3S3, AIIB2, AP-138, C30B and D11B
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The effects of antibodies to B on the adherence of Jurkat cells to fibronectin or collagen. Adherence to collagen was assessed

following PMA stimulation of the cells as described in Materials and Methods. Note the anti-B, monoclonal, B3B11, stimulates adherence

to collagen as previously described [39].
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could inhibit B, integrin mediated adherence to both
collagen and fibronectin further supporting the 8,
specificity of these antibodies.

Identification of the JB1A Binding Region of By
Integrin

Preliminary studies had shown that JB1A, C30B and
D11B reacted with B, integrin chains in western blots
under reducing conditions, while AIIB2, 383, and
AP-138 did not. These results suggested that the
former group detected linear epitopes on the B,
molecule. Based on this assumption, a fusion library
containing 50-150 bp inserts of the §,; cDNA was
constructed in an effort to localise the epitopes
recognised by these antibodies.

Two clones, A and C, were found to react with
JB1A, C30B and DI1B but not with the other
inhibitory antibodies. The predicted amino acid
sequences of the inserts of these clones indicated that
they coded for amino acid residues that corresponded
to positions clone A, 55-93, and clone C, 61-105 of
the mature 3, (Figure 2). These results suggested that
the JB1A, C30B and D11B epitopes were located at
positions 61-93 of the mature $, chain. However, it
was not possible with this strategy to determine the
exact location of the epitope recognised by this
antibody.

As a complementary approach to defining the JB1A
epitope, a random 15mer peptide phage display

Clone A

library was screened for possible mimetics of the
natural epitope recognised by the antibodies. Phage
were selected using biotinylated JB1A and streptavi-
din dynabeads. The recovery rose from 10~6 to 10!
of initial input (i.e. 10'° phage) respectively, for the
first and third rounds of selection. Nineteen plaques
were randomly selected from the third round for
further characterisation. A comparison of the pre-
dicted amino acid sequences of the clones indicated
that there was consensus TxxKLK in seven clones
(Figure 3). An additional five had a related sequence
S/GxxKLK. Three other clones contained a common
sequence of TxxKLR where a semiconservative
substitution of arginine for lysine had occurred. A
comparison with the ; amino acid sequence sug-
gested that the consensus sequence TxxKLK approxi-
mated that of B, residues 82-87 TAEKLK. This
sequence was also present in both of the fusion
protein clones, A and C, isolated from the B, epitope
library. Thus lending further support to this sequence
being the epitope recognised by these antibodies. A .
minor consensus sequence TxxKLR was also
observed in three clones. This sequence approximates
that of B, residues 179-184 (TPAKLR). -

The antibodies JB1A, D11B and C30B were each
found to react with the peptide biotin-SGSGTAEKLK
while they displayed little reactivity to the peptide
SGSGTPAKLR, implying that the former was the
epitope recognised by the antibody (Figure 4). In
contrast B3B11 which recognises a [, epitope at

SSCPPDDIENPRGSKDIKKNKNVTNRSKGTAEKLKPEDIHQ”

Clone C

6lENPRGSKDIKKNKNVTNRSKGTAEKLKPEDIHQIQPQQLVLRLRS105

FIGURE 2 The predicted amino acid sequences of the two JB1A, C30B, D1 1B reactive clones, A and C, isolated from the Novatope based
B epitope libraries. The superscripts indicate the residue positions of the mature human {8, integrin. The letters in bold identify the common

sequence between the two clones.
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Predicted Amino Acid Sequences of JB1A Phage Isolates

Clone No. Predicted Amino Acid Sequence

1 STS F KLKHPPTTLSP

4,7,9,14 QSSTWAKLKNTLIST

S LLARPSSTSH KLKWQ

19 LPRNTAY KLKNSIPS

15 LFQQPFASAD KLKPI

8,11 LSGTS KLKFWHETSH

12 MSTHTERYGSM KLKS

18 PNHGSQ KLKNWSLHT
Predicted Consensus Sequence S/T x xKLK
Corresponding 8; Sequence T AEKLK

13 MMTIYSHAT TGKLRS

3 ' NVHLPHAT SSKLRSS

6 FFKHDSTTCKLRSCH
Minor Consensus Sequence Tx xKLR
Corresponding B; Sequence TPAKLR

10 ' LQLSSHFSGTTQRLK

16 ' PHSERLGTI DKFLKP

2,17 QLQSPCKTRDKLLFC

FIGURE 3 The predicted amino acid sequences of the plil inserts. of JBIA isolates from the random peptide phage display library,
CMCC#3858. The consensus residues are highlighted in bold. The major consensus sequence is provided with the corresponding predicted
region of the mature B,. A minor consensus sequence identified by clones 3, 6, and 13 is also provided.
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residues 657-670 did not bind to either of these
peptides [39]). The specificity of this peptide was
further confirmed by its concentration dependent
inhibition of JB1A, C30B, and D11B binding to
purified B, (Figure 5). The binding of B3B11 to the
purified B, integrin was not influenced by the 82-87
peptide under the same conditions. Similarly the
peptide 82-87 did not influence the binding of several
other inhibitory antibodies, AIIB2, AP-138, or 383 to
the purified B, implying that they detected different

epitopes (Figure 6). Thus a peptide corresponding to
residues 82-87 of the B, integrin specifically inhibited
binding of the three adhesion blocking antibodies
JB1A, C30B, and D11B.

The Effects of Mn** on JB1A Binding to B,
Integrin

During the course of studies on the Mn** induced
adherence of IM9 cells to fibronectin it was noted that
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FIGURE 4 The binding of anti-B, monoclonal antibodies to peptides containing the predicted JB1A epitopes. The binding of JB1A, C30B,
D11B, and B3B11 to the peptides, TAEKLK (82-87) (solid bar), and TPAKLR (179-184) (open bar) identified respectively by the major
and minor consensus sequences in the random peptide phage library isolates. Antibody B3B11 has previously been shown to bind to a

peptide corresponding to residues 657-670 {39].
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FIGURE 6 A comparison of the effects of B, peptide 82-87 on the binding of other antibodies to purified B,. Antibodies to B, were
incubated with the peptide TAEKLK and assessed for binding to purified B,. The anti-CD3 monoclonal was included as a specificity control
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there was a marked reduction in JB1A binding to cell
associated B3, in the presence of 8 mM Mn** (Figure
7). Under identical conditions the binding of other
antibodies to f,, C30B, D11B, and 3S3 were not
influenced (Figure 7). These effects appeared to be
Mn™* specific as neither Ca** nor Mg** influenced
antibody binding at similar concentrations (data not
shown). The inhibition of antibody binding was
concentration dependent with maximal inhibition
observed at 8 mM of Mn**, the highest concentration
tested. These same conditions did not influence 383
staining of the IM9 cells (Figure 8). Thus it appeared
that this effect was Mn** dependent and specific for
JBI1A binding.

H. NI and J. A. WILKINS

In order to address directly the mechanism of
action of Mn** on JB1A binding, the effects of Mn**
on the binding of B3B11 and JB1A purified B, and to
the B, peptide 82-87 were compared. The binding to
either of these antigens by JB1A were inhibited by
Mn** in a concentration dependent fashion (Figure 9).
Although the effects of Mn** on peptide binding
appeared to be detectable at lower concentrations than
those observed with purified 8,. The binding of
B3B11 to B, and to a peptide corresponding to the site
of the B, epitope (residues 657-670) recognised by
this antibody [39] was not influenced by Mn** (Figure
9). Similar to the situation observed with IM9 celis
the binding of C30B and D11B to purified 8, and to

o

o

«©

[

& JB1A

Q

O

(o)

(o]

o

@ 4

0 3

€

E 3 C308

§ 3

o 3

(o]

o

@ 3

9 3 )

T

3 3

O 7 D11B
o 3

- —
o

@ 4

PR

T ]

2 3 -

o 3S3
OE T LI St gt a2 1?7111‘ LI S S | T T =TT
10° 10! 102 10° 0°

FLt1-H

FIGURE 7 The effects of Mn** on JB1A binding to IM9 cells. IM9 cells were washed in Puck’s saline and resuspended in the same in
absence (dotted line) or presence (solid line) of 8mM Mn**. The cells were stained with the indicated antibodies and analyzed by flow
cytometry. The negative control (light solid line) is included with each histogram.
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peptides containing the JB1A epitope were unaffected
by the presence of Mn** (Figure 10). Collectively
these results would seem to indicate that these effects
were specific for JBIA. They would also seem to
suggest that the Mn** dependent inhibition of JB1A
binding relates to a direct effect on the antibody
binding to the integrin rather than to alterations of the
target epitope on the 3, chain.

70

DISCUSSION

The significant results of the present study are: 1) The
direct demonstration of the peptide sequence recog-
nised by three adhesion blocking antibodies to the
human B, integrin chain; 2) The identification of a
novel epitope location, distinct from that of pre-
viously described regulatory epitopes; and 3) The

60 -

Mean Fluorescence

0.01 0.1

[Mn++] mM

FIGURE 8 The concentration dependence of Mn** mediated inhibition of JBIA binding. IM9 cells were pretreated with the indicated
concentration of Mn** and reacted with either JB1A (open circles) or 353 (solid circles) and the mean fluorescence intensity of each sample

was determined by flow cytometry.
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characterisation of a Mn** sensitive antibody integrin
interaction.

The epitope recognised by JB1A, C30B and D11B
contains residues 82-87 of the human B, integrin
chain. This conclusion is based on several pieces of
evidence. Each of these antibodies binds to fusion
proteins that contain fragments of By that span this
region of the integrin. A decapeptide,
SGSGTAEKLK, containing residues 82-87 .is selec-
tively bound by these three antibodies. The binding of
these same antibodies to purified B, is specifically
inhibited by this peptide.
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FIGURE9 The effects of Mn** on antibody binding to purified B,
and peptides. (A) -B3B1l or (B) JBIA were mixed with the
indicated concentrations of Mn** and assessed for their binding to
B. (open triangles) or 8, peptides (solid circles) 658-666 for B3B11
(A) or 80-90 for JB1A (B).

The location of the JBIA epitope appears to be
distinct from that described for a number of other
adhesion regulating antibodies {36]. Takada and
Puzon reported that residues 207-218 of the B,
subunit were critical for the binding of a large number
of integrin inhibiting or activating antibodies. This
sequence is located between two highly conserved
regions that are homologous to the putative ligand
binding site of B, [9,30]). The 207-218 region is also
predicted to be part of a 8 bend in the integrin chain,
Antibodies to this region might then be expected to ~
influence integrin function as they could either induce
or prevent the appropriate conformational changes
involved in the acquisition of ligand binding potential.
Shih et. al. also used interspecies chimeric integrins to
map (3; epitopes [27]. In their case, there appeared to
be a differential localisation of regulatory epitopes
with inhibitory antibodies recognising residues in the
first 260 residues while other function modifying
antibodies were dependent on the membrane proximal
and cysteine rich regions of the B chain. Although
the results of each of these studies demonstrated quite
conclusively that the expression of certain epitopes
were dependent on residues in a given region-of the
integrin, there was no direct evidence that ariy of the
antibodies actually bound to residues within these
regions. This situation arises as a consequence of the
fact that the majority of antibodies that Wwere exam-
ined in these studies appear to detect confonnatig’:nal
epitopes. Thus precluding the detailed direct local-
isation of their corresponding epitopes.

In a previous study, we have shown that theie are at
least three distinct loci of epitopes that are recognised ;-
by antibodies that can stimulate integrin function [39]. -
This conclusion was based on the results of competi-
tive antibody binding assays and physical mapping of
several of these epitopes. A subset of these antibodies
was shown to bind to residues located in the
membrane proximal region (657-703) of B:. These
data would seem to collectively indicate that there are
multiple regions of the B, that contain regulatory
epitopes. Such an interpretation appears to be compat-
ible with epitope mapping results in the B integrin
were multiple regulatory sites have been identified
[13].
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It is important to keep in mind that the apparently
limited number of regulatory epitopes, which have
been described to date, may be a reflection of the high
levels of sequence identity observed between human
and murine B integrins [12]). Thus it might be
anticipated that the antibody data represents a mini-
mal estimate of the number of such epitopes, as many
potential sites would be expected to be immuno-
logically silent in this species pair.

The location of the JB1A epitope does not
correspond to the homologous ligand contact sites
proposed for the B chain [1,9,30]. This may indicate
that direct inhibition of ligand binding is not the mode
of action of this antibody. A recent study with
antibody 13, demonstrated that this antibody inter-
fered with integrin ligand binding by a non-competi-
tive mechanism [24]. It was therefore proposed that
the inhibition was a result of allosteric changes
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FIGURE 10 A comparison of the effects of Mn* on the binding of JB1A, D11B and C30B to purified B, and to B, peptide 82-90.
Antibodies were mixed with the indicated concentrations of Mn** and assessed for binding to peptide or to B,.
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- induced in the B, molecule by this antibody. It may be
that such a mechanism is operative in the case of the
inhibition -observed by antibodies of the JBIA
group.

An alternative explanation for the antibody inhibi-
tion by the JB1A group of antibodies may be that the
cbxfespondirl‘g ‘epitope is located at a secondary site
involved in the stabilisation of ligand contact. Inhibi-
tion would. then atise from direct steric ‘hindrance of
ligand binding. To date there is no evidence to suggest
such a role for the JB1A epitope. In fact preliminary
studies have failed to demonstrate the direct binding
of peptides containing the 82-87 region of the 8,
chain to fibronectin (HN, JW unpublished data).
While these results do not rule out a role in ligand
binding, they do suggest that any such interactions
would be of a low affinity.

The initial observations that JB1A binding to cell
associated integrins was Mn** sensitive raised the
possibility. that there was a relationship between the
expression of the JB1A epitope and functional state
of the integrin. Howeve_;, there are several observa-
tions that strongly argue against such a relationship.
1) Neither C30B nor D11B, which recognise to the
same core epitope as JB1A, were inhibited in their
binding to cell associated or purified integrin by
Mn**. 2) The binding of JBIA to a biotinylated
octapeptide, biotin-SGTAEKLK, or to an undeca-
peptide, KGTAEKLKPED, was inhibited by Mn*+,
while those of C30B and D11B are not. Further-
more, preliminary infrared spectroscopic data did
not provide any evidence of cation dependent
spectral changes (unpublished data JAW, MJ). Thus
it seems highly unlikely that the cation effects are a
result of conformational changes in the peptide or of
interactions between the peptide and cations. There
have been a number of antibodies that have been
reported to detect cation sensitive epitopes on the
integrin B chains [2,13,22]. In some, but not all, of
these cases other stimuli have been shown to alter
antibody binding implying that conformational
changes in the antigen are involved in the altered
antibody binding properties. The results with JBIA
should serve as a cautionary note regarding the
interpretation of cation effects on antibody bi'nding‘ to

their antigens. This data also points to the potential
value of direct epitope mapping in the resolution of
such issues.
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Integrins can be expressed in at least three functional
states (i.e. latent, active, and ligand-occupied). However,
the molecular bases for the transitions between these
states are unknown. In the present study, changes in the
accessibility of several g, epitopes (e.g. N29, B44, and
B3B11) were used to probe activation-related conforma-
tional changes. Dithiothreitol or Mn2* activation of in-
tegrin-mediated adhesion in the human B cell line, IM9,

. resulted in a marked increase in the exposure of the B44
epitope, while N29 expression levels were most sensitive
. to dithiothreitol treatment. These results contrasted
- with the epitope expression patterns of spontaneously
- adherent K562 cells, where N29 was almost fully acces-
- sible and B44 was low. Addition of a soluble ligand re-
- sulted in a marked increase in Bd4 levels, suggesting
. that this antibody detected a ligand-induced binding
site. The N29 epitope was mapped to a cysteine-rich
region near the NH, terminus of the integrin chain, thus
defining a novel regulatory site.
These studies indicate that the activation of integrin
function by different stimuli may involve related but
nonidentical conformations. Both Mn2* and dithiothre-
itol appear to induce localized conformational changes
that mimic a ligand-occupied receptor. This differs from
. the “physiologically” activated integrins on K562 cells
that display a marked increase in overall epitope acces-
sibility without exposure of the ligand-induced binding
site epitopes. The increased exposure of the N29 site on
K562 cells may indicate a role for this region in the
- regulation of integrin function.

Members of the integrin family mediate cellular interactions
with elements of their microenvironment (1~3). These contacts
can lead to cellular adhesion, migration, and activation (4-6).
In a number of cell types, such as platelets and leukocytes, the
activities of integrins are tightly regulated such that host cell
activation is required before cell binding can proceed (7-9).
This prerequisite ensures that integrin function is operative
only at the appropriate anatomical or pathological sites.

Although the structural basis for the underlying changes
‘associated with the acquisition of integrin functionality is un-
known, data from a number of different biochemical and im-
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munological approaches clearly demonstrate activation-associ-
ated alterations in integrin conformation (10-12). Antibody-
binding studies and protease-susceptibility studies have shown
that there are activation-associated changes in the accessibility
of regions of the complex (10, 11). Fluorescent energy transfer
studies on ayy;,8; have also demonstrated that there are alter-
ations in the spacing and interaction of amy, and B; in the
activated integrin structure (12). Changes in epitope expres-
sion are also observed following receptor occupancy (13-16).
Collectively the data suggest that the activated integrin com-
plex acquires a more open conformation than is observed in the
latent structure.

Recently models of integrin activation have been proposed
that involve allosteric mechanisms for the acquisition of an
adhesion-competent conformation (17, 18). Support for such a
model derives from the observations that the binding of ligand
to purified integrin inhibits the binding of an inhibitory anti-
body to the B; chain (19). The pattern of inhijbition displays
characteristics that are most compatible with an allosteric
mechanism. However, as pointed out by Mould (17), the situa-
tion with the integrins is more complex than a classical allos-
teric mechanism, as the “active” integrin does not necessarily
acquire a conformation that approximates the ligand-bound
receptor. Thus the existence of multiple intermediate confor-
mations have been suggested.

Activation of integrin function can be achieved by a variety of
stimuli (20-26). Mn?* and the bifunctional reducing agent,
DTT,! have been shown to activate integrin binding in a num-
ber of systems (22-26). Since both of these agents activate
purified integrins, it would appear that their effects on adhe-
sion might be directly on the receptor complex (19, 24). These
agents may provide useful probes for the analysis of the
changes associated with integrin activation and ligand binding.

We have previously described a panel of regulatory antibod-
ies to the human B, integrin chain and localized their contin-
uous epitopes (27-29). Three noncompeting groups of antibod-
ies were identified, and one set of antibodies was shown to react
with the membrane proximal g, region (28). The present study
localizes a novel stimulatory region to the cysteine-rich amino-
terminal portion of the g, chain. Furthermore, it is demon-
strated that it is possible to generate functionally “activated”
integrins with overlapping but nonidentical conformations.

EXPERIMENTAL PROCEDURES

Materials—Unless otherwise indicated, all chemicals were pur-
chased from Sigma. Media, fetal bovine serum, and GRDS/GRES
peptides were obtained from Life Technologies, Inc. Purified human
plasma fibronectin was obtained from Chemicon Intl,, Temecula, CA.
Custom-synthesized peptides were purchased from Research Genetics,
Huntsville, AL.

' The abbreviation used is: DTT, dithiothreitol.
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Antibody Activity Epitope location Reference
JB1A/C30B/D11B  Inhibitory 82--87 30
383 Inhibitory Discontinuous? 31
B3B11 Stimulatory 660-668 28
N29 Stimulatory  15-54 28, this paper
B44 Stimulatory  Linear? 28
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Fic. 1. The relative levels of 8, epitope expression on IM9 cells.
IMS9 cells were stained with the indicated antibodies and their relative
levels of binding expressed as a percentage of JB1A MFI levels. The
average and ranges of two representative experiments are provided.

Antibodies—The production, properties, and purification of the anti-
bodies to B, (Table I), JB1A (30), B3B11, B44, N29 (28), and 353 (31)
have been previously described in detail. Dr. C. Damsky provided the
anti-g1 AIIB2 (32).

Cells and Culture—The human cell lines IM9 (B cell), Jurkat (T
leukemia), and K562 (erythroleukemia) were obtained from the ATCC.
They were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum. :

Cell Binding Assay—The assays were performed as described previ- V

ously (28). Nontissue culture treated microtiter wells were coated with
purified plasma fibronectin (5 pg/ml) in bicarbonate buffer at 4 °C
overnight. The wells were washed and blocked with 1% bovine serum
albumin in RPML. In studies involving Mn?*, the cells were washed and
resuspended in Puck’s saline A alone or in the presence of the indicated
concentration of cation. When cells were pretreated with DTT, they
were washed to remove the DTT prior to their addition to the binding
assays.

Cells were preincubated with the indicated stimuli for 30 min at
room temperature and then added (2 X 10° cell/well) to the coated wells
and incubated for 60 min at 37 °C. The nonadherent cells were removed
by centrifugation of the inverted plates for 5 min at 70 X g, and the
supernatants were removed. The adherent cells were stained for 60 min
with 0.5% crystal violet in a 30% solution of methanol in water. The
plates were washed with tap water to remove unbound dye. The resid-
ual dye was solubilized in methanol, and the absorbance at 550 nm was
determined. In all assays the adherence to bovine serum albumin
(OD < 0.1) was subtracted from the values obtained for the fibronectin
or antibody coated wells. Unless indicated otherwise, all assays were
performed at least three times in sextuplicate.

Flow Cytometry Analysis—Cells were preincubated with the indi-
cated stimuli at room temperature and then incubated with the indi-
cated antibody (5 pg/ml) for 30 min at 37 °C. The cells were washed
twice with phosphate-buffered saline and incubated for 60 min at 4 °C
with a fluorescein isothiocyanate-labeled goat anti-mouse immunoglob-
ulin (Chemicon). All assays included cells incubated with the second
antibody alone as a control for nonspecific binding. Fluorescence anal-
ysis was performed with a BD FACScaliber.

For the studies involving ligand binding to K562, the cells were
preincubated with the indicated peptides (1 mm) or fibronectin (100
pg/ml) for 1 h at room temperature. Antibodies were then added to this
mixture for 30 min at 37 °C, and the cells were processed for fluores-
cence-activated cell sorter analysis as described above.
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F16. 2. The induction of IM9 adherence to fibronectin follow-
ing treatment with either Mn2* (A) or DTT (B). IM9 cells were
incubated with the indicated concentration of stimulus and tested for
adherence to immobilized fibronectin. Representative results of one of
four independent experiments are shown. The standard errors for all
samples were less than 15%.

Epitope Library Production and Screening—Libraries were con-
structed using the Novatope System (Novagen Inc.) according to the
manufacturer’s instructions. The method based on the use of modified
PET vectors for the expression of 8,-T7 gene 10 fusion proteins con-
sisted of digesting pFnRp (33) with DNase I in the presence of MnZ?*
and size fractionating the random fragments. The 250-350-base pair
fragments were flush ended with T4 DNA polymerase, single dA tailed
and ligated into the EcoRV site of the pTOPE-1b(+) plasmid. Novablue
(DE3) cells were transformed with the plasmid, and colonies were
immunoscreened with anti-8; monoclonal antibodies and an alkaline
phosphatase-conjugated rabbit anti-mouse immunoglobulin. Positive
colonies were subcloned and examined for reactivity with the antibod-
ies. The inserts from individual colonies were sequenced using T7 gene
10 primers as described previously (28).

Expression of B; Chain NH-terminal 57-Amino Acid-containing Pep-
tide—Polymerase chain reaction amplifications were performed with
the B, chain primer pair GTGAATTCATATGCAAACAGATGAAAAT-
AGATG/GAGGATCCATATGTCATGGAGGGCAACCCTTCTTTT using
a plasmid isolated from the above library containing a 8, integrin 5’
315-base pair fragment. The products were digested with EcoRI and
BamH], ligated into pBS(+) phagemid to introduce an Ndel site (Strat-
agene, La Jolla, CA). The recombinant phagemid was expanded, puri-
fied, and digested with Ndel. The g8, fragment was purified and ligated
to the expression vector pET-14b (Novagen). The resulting insert was
predicted to code for residues Gln' through Pro®” of the mature 8, chain.
The corresponding fusion protein was expressed in competent Esche-
richia coli BLR(DE3)plyss strain, purified with Ni%?* columns, and
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FiG. 3. The effects of Mn2* treatment of IM9 cells on @, epitopes expression. Cells were treated with Mn2* (1 mm), stained with the
indicated antibodies and analyzed by flow cytometry. The control, untreated, and Mn2*-treated cell profiles are represented by the dashed, solid,
and dotted lines, respectively. The arrows indicate the profiles of the Mn2*-treated cells. :

visualized on 15% SDS-polyacrylamide gel electrophoresis gel by Coo-
massie Blue staining or immunoblots with the indicated antibodies.

Peptide Enzyme-linked Immunosorbent and Blocking Assays—The
purified fusion protein or a peptide corresponding to the first 14 resi-
dues of the mature g, were suspended at 10 ug/ml in distilled water and
allowed to dry overnight, 0.5 pg/well, in Nunc Maxisorb plates. The
plates were washed three times with 0.5% Tween 20 in Tris-buffered
saline and blocked for 2 h at room temperature with 1% bovine serum
albumin in Tris-buffered saline. The indicated antibodies (5 pg/ml)
were added to the wells, and the binding was quantitated with rabbit
anti-mouse IgG alkaline phosphatase conjugate and developed with
pNPP as substrate.

Blocking assays were performed by preincubating antibodies (1 ng/
ml) with the indicated peptides (10 1M) at 4 °C overnight. The antibod-
ies were then added to the wells of Nunc plates precoated with affinity-
purified placental B, integrin (28). The color was developed as per the
peptide enzyme-linked immunosorbent assay.

RESULTS

Differential Expression of 8 1 Epitopes on IM9 Cells—A com-
parison of the binding levels of a panel of anti-8, monoclonals
to IM9 cells indicated that there were marked differences in
their levels of expressions (Fig. 1). A calculation of their ex-
pression levels relative to the total B, expression detected by
JB1A or C30B indicated that B3B11, B44, and N29, respec-
tively, were present on 18, 2, and 10% of the integrins. Previous
studies had determined that these antibodies recognized con-
tinuous epitopes in the nonpolymorphic extracellular domain of
the B, chain (28). Thus it appeared that their low expression
levels were indicative of a sequestration of the regions contain-
ing these epitopes. As IM9 cells express a,f8; but do not spon-
taneously adhere to fibronectin, it was speculated that the
negative correlation of expression of B44, B3B11, and N29
epitopes with adhesive function might indicate that they were
reporters of integrin activity.

Treatment of the cells with Mn2* or DTT resulted in a
marked increase in adherence. The half-maximal stimulatory

concentration for Mn?* was 70 puum (Fig. 24). The situation with
DTT was somewhat more complex with half-maximal activity
at 2-5 mum and a loss in adhesion at concentrations in excess of
50 mM (Fig. 2B). The adhesion induced by both stimuli was
inhibited by more than 60% by anti-e, and anti-B,, suggesting
that o 8, was mediating a significant proportion of the induced
binding (data not shown). Neither of the stimuli caused any
change in total g, levels, indicating that the adhesive changes
related to altered integrin activity rather than increases in
expression levels ( Figs. 3 and 4).

Cells treated with Mn?* displayed a 40—50-fold increase in
the levels of B44 expression such that 30-40% of the B, dis-
played this epitope (Fig. 3). Although there was a doubling of
the N29 levels, the majority of integrins did not express this
epitope. The binding of B3B11 and 3S3 were relatively unaf-
fected under these conditions. DT'T treatment caused a compa-
rable increase in the level of B44 binding (Fig. 4). However,
unlike the case for the Mn2+- treated cells, there was almost
100% exposure of the N29 epitope and a small increase in
B3B11 binding.

B; Epitope Expression Patterns on K562 Cells—The results of
the above studies supported the concept that the expression of
the B44 and possibly of the N29 epitope might relate to the
activational status of the integrin. As an approach to testing
this possibility K562 cells were examined for their antibody
binding patterns. These cells spontaneously adhere to fibronec-
tin, and their receptors have been shown to be in an interme-
diate affinity state (15). There were increases in the propor-
tions of N29 and B3B11 expressed on these cells (Fig. 5).
However, there was almost a complete absence of B44 binding,
suggesting that this antibody was not a marker of integrin
functionality.

Preliminary studies had indicated that Mn2* induced the
expression of the B44 epitope on K562 cells. Since it had been
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indicate the profiles of the DTT-treated cells.

observed that this cation could induce conformational states
which resembled those of a ligand-occupied integrin, the effects
of ligand binding on B44 expression were examined. Treatment
of the cells with fibronectin or RGDS-containing peptides re-
sulted in a 2-3-fold increase in the B44 levels (Fig. 5). The
expression levels of the other epitopes were not significantly
changed by this treatment. Furthermore, the control peptide
RGES did not iriduce these changes, indicating that the effects
were specific to integrin ligands. :

Location of the N29 Epitope—A B: epitope library was
screened with N29 and B44 and a single N29 reactive clone,
B105, was identified. DNA sequencing of B105 indicated that
this clone contained the first 105 residues of the B; chain (data
not shown). Previous studies had determined that the JB1A
epitope consisted of residues 82~87 and that a panel of mono-
clonal antibodies to the B8, chain including N29 did not react
with fusion proteins containing a fragment spanning residues
55—-105 (29). -

Expression of B, residues 1-57 as a fusion protein resulted in
a product that was reactive with N29 under reducing condi-
tions (Fig. 6). In contrast, N29 did not react with a gonococcal
porin (1b) fusion protein expressed in the same vector system.
The specificity of the reaction was also demonstrated by the
fact that N29 but neither B3B11 nor JB1A reacted with the
fusion protein (Fig. 7A). Furthermore, preincubation of N29
with the purified 1~57 fragment specifically inhibited the bind-
ing of N29 to purified g8, (Fig. 7B).

Honda et al. (40) have described a stimulatory antibody to Ba,
AP-5, which recognized a cation-sensitive epitope containing
residues 1-6 of the B, integrin (34). It was therefore questioned
if the N29 epitope might be located in a homologous region of

the B, chain. Pretreatment of N29 with a synthetic peptide
containing residues 1-14 did not influence the ability of the
antibody to bind to purified g1 (Fig. 7B). These results indicate
that the N29 epitope was located between residues 15 and 54 of
the B, chain.

DISCUSSION

The present studies provide several new pieces of data rele-
vant to integrin activation. 1) The stimulatory antibody, N29,
recognizes a new regulatory region located near the NH, ter-
minus of the B, molecule. 2) The stimulatory antibody, B44,
identifies an epitope, which is exposed on ligand binding. 3)
Mn?* and DTT induce changes in B, epitope accessibility,
which resemble those observed in the ligand occupied receptor.
4) The overall accessibility of epitopes in physiologically active
integrins is increased relative to those on nonadherent cells or
on Mn?*- and DTT-activated cells. ‘

The initial assumption that N29 might identify an activation
epitope does not appear to be fully supported by the results of
this study. In the case of DTT-treated cells, there was an
almost total exposure of the N29 epitope associated with acti-
vation of adhesion. However, the N29 levels on spontaneously
adhesive cells such as K562 and Jurkat? or following treatment
with Mn®* were elevated 2-4-fold, such that 20—80% of the
integrins displayed this epitope. There were also low but de-
tectable levels of N29 exposure on nonadherent cells. Thus the
correlation between integrin functional status and N29 acces-
sibility appeared to be semiquantitative rather than a qualita-
tive one.

2H. Ni and J. A. Wilkins, unpublished results,
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Fic. 5. The effects of ligand binding on the B, epitope expression of K562 cells. Cells were treated with fibronectin or RGDS/RGES
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F1G. 6. The expression and reactivity of the B, 1-57 fusion protein. Panel A, Coomassie Blue-stained SDS-polyacrylamide gel electro-
phoresis gel; lanes 1, no vector; 2, vector only; 3, vector plus insert uninduced; 4-6, isopropy}-1-thio-B-bgalactopyranoside-induced cells containing
the B1~57 insert at 1, 2, and 3 h postinduction. The arrow indicates the location of the fusion protein. Panel B, a Western blot of a replicate of panel
A stained with N29. Panel C, lanes 1 and 3 contain purified 8157 fusion protein, lanes 2 and 4 contain & gonococcal porin (1b) fusion protein
produced in the same vector as a control. Lanes J and 2 were reacted with N29, lanes 3 and 4 were stained with Coomassie Blue.

The antibody B44 identifies an epitope, which under normal
conditions appears to be of very limited accessibility. Thus the
expression levels of this epitope on adhesion competent cells
such as Jurkat and K562 are significantly lower than the total
integrin levels. However, occupancy of integrin by ligand or by
an RGD-containing antagonist results in a marked increase in
B44 expression. The B44 epitope is reduction resistant under
SDS-polyacrylamide gel electrophoresis conditions, implying
that the antibody detects a continuous peptide sequence. It
appears that ligand binding exposes the cryptic epitope to the
solvent and renders it antibody accessible. However, it is un-
likely that this epitope represents a ligand contact site as B44
binding has been shown to induce adherence in Jurkat cells
(28). The properties of B44 most resemble those of two other
antibodies, 15/7 (35) and HUTS-21 (36), which detect integrins
in a ligand-occupied or high affinity state. These antibodies
have been shown to react with epitopes that are located in the
cysteine rich region of the 8, (residues 355-425). However, to

date it has not been possible to determine the location of the
B44 epitope.

Treatment of IM9 cells with Mn2* induces B44 epitope ex-
pression. The implication is that the Mn2* induces alterations
that resemble those caused by ligand binding to a competent
integrin. It has been suggested that Mn2* may stimulate ad-
hesion by forming a co-ordination complex with residues in the
cation binding domains of the integrin and the aspartate resi-
due of the ligand (37, 88), or by facilitating the ligand entry to
the binding site via an exchange mechanism (18). Recently it
has been proposed that Mn2* may induce a conformation re-
sembling the ligand occupied receptor thus permitting ligand
access to the binding region of the integrin (17). The binding
pattern of B44 is compatible with the latter explanation of
Mn2* action. However, it does not address the issue of the
relative contributions of Mn2* to cation-facilitated exchange
and ligand co-ordination.

Activation of adhesion by reducing agents has also been
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described in several systems. Edwards et al. (25) noted that
there was an obligate requirement for a bifunctional thiol with
a minimal spacing of four carbons between the two —SH groups.
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Fi6. 7. The specificity of antibody binding to S1-57 fusion
protein. A, the binding of B3B11, JB1A, and N29 to immobilized B1-57
fusion protein or to purified g, integrin were compared in an enzyme-
linked immunosorbent assay. B, the capacity of $1-57 fusion protein to
block the binding of the indicated antibodies to immobilized purified B,
integrin. The effects of a synthetic peptide containing B, residues 1~14
on N29 binding were also determined.

Localization of a Novel Regulatory Region of the B, Integrin

Early studies on the activation of platelet adhesion by DTT
indicated that there were changes in a8, electrophoretic
mobility associated with activation by this agent (26). The
DTT-dependent activation of mutant ayy,85 in platelets from a
patient with Glanzmann'’s thrombasthenia by DTT was shown
to be associated with the appearance of activation epitopes (39),
However, DTT-induced activation of o 8, mediated adhesion of
natural killer cells to intercellular adhesion molecule 1-ex-
pressing target cells failed to reveal conformational changes
using two reporter antibodies (25). Furthermore, these authors
could not demonstrate the appearance of free thiol groups in
the o B, complex, implying that the integrin chains were not
directly modified by DTT treatment (25). The present data
clearly indicate that significant conformational changes are
induced by DTT as access to the B44 and the N29 epitopes are
markedly increased.

The increased B3B11 and N29 expression on K562 cells
implies that physiologically activated integrins undergo
changes that allow an increased accessibility to the membrane
proximal and NH,-terminal regions of the molecule. Although
the integrins on these cells are in an adhesion competent state,
ligand binding is required for B44 epitope expression. These
results would seem to suggest that there is an intermediate
conformation in which the integrin is adhesion-competent but
unoccupied. The fact that agents such as Mn?* and DTT induce
conformations that resemble the ligand-occupied state suggests
that they stimulate adhesion competence by generating inte-
grin intermediates that are distinct from the native active
forms observed in K562. Although different functional forms of
integrins have been described or postulated (16, 17, 40), it is
unclear at this point whether active forms such as those in-
duced by DTT or Mn®* are representative of physiological
integrin intermediates. These observations suggest that cau-
tion should be exhibited when attempting to _correlate compe-
tent states induced by these agents with those found in phys-
iologically activated integrins.

The localization of the N29 epitope between residues 15 and
54 places it in a highly conserved cysteine-rich region (41). This
area has not previously been identified as a regulatory site,
although it is adjacent to region that has been shown to be a
cation and ligand sensitive in the B, chain (34). Unlike the 8,
situation, the binding of N29 is relatively insensitive to the
cationic composition of the extracellular milieu. Thus if a ho-
mologous region exists in the 8, chain it would appear that it is
not located in the N29 reactive 15-54 sequence of the molecule.

The antibodies N29, B44, and B3B11/JB1B were originally
identified because of their abilities to stimulate Jurkat adher-

“LIGAND CONTACT SITES”
HUTS-218
N29 S 15/78 9EG7S JBIBS
(14-55) (355425) (495-602) (671-705)
Fic. 8. The locations of regulatory [
epitopes on human g,. The relative po-
sitions of the epitopes recognized by reg- N E l C
ulatory antibodies (i.e. stimulatory (S)
and inhibitory (I})). The positions of the 1 117 182 220 231 443 600 l 703\ 778
two putative ligand contact sites (solid \
area), the cysteine-rich repeat region
(gray area), and the transmembrane re- JBI1AI K20 B3B11 S
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ence to collagen and fibronectin (28). 1t is noteworthy that in
those cases where their corresponding epitopes have been iden-
tified (28, 29), the stimulatory epitopes map to regions that are
in close proximity to residues that are predicted to be involved
in disulfide bonds between sequentially distant cysteines (i.e.
Cys’-Cys*!® and Cys***~Cys®"). The present results extend
those of others employing interspecies B, chimeras (16, 17,
42-44) and expands the locations of regulatory sites to include
both the membrane proximal and the distal regions of the 3,
(Fig. 8).

It might be speculated that the NH;-terminal region of the j3,
chain is involved in the normal control of integrin function. The
increased N29 expression on K562 could reflect a situation in
which physiologically activated Integrins undergo a conforma-
tional change to expose this site. The exposure may indicate
accessibility to the ligand-binding site. However, it seems un-
likely that N29 contact is required for binding as Mn?* induces
adhesion competence with minimal effects on N29 exposure.
Subsequent to ligand binding, the B44 epitope is expressed,
and this presumably reflects a secondary change in the integrin
conformation, perhaps as a consequence of ligand displacement
of previously buried residues. It is important to bear in mind
that, although the results of the antibody studies indicate
changes in the accessibility of B, integrin epitopes following
activation, the basis for these changes are unknown. They
could relate to integrin conformational changes, to alterations
in the patterns of integrin-associated proteins, or to both of
these mechanisms. Studies with purified integrin may permit
the differentiation of these possibilities.
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