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B cell adaptor molecule of 32 kD (Bam32) is expressed at high levels in germinal center

(GC) B cells. one of the hallmarks of the GC response is selection for cells carrying high

affinity antigen receptors, which is thought to occur by competitive antigen uptake and

presentation to GC T cells. I therefore investigated the potential role of Bam31in B cell

antigen uptake using confocal microscopy. Bam32-B cell receptor (BCR) complexes

showed a similar spatio-temporal distribution in membrane patches, caps, and inside the

cells. Furthermore, this work shows similar distribution of Bam32 with lipid rafts, and

internalization machinery components such as clathrin, dynamin following BCR cross

linking indicating that the inetranlization of BCR-Ag complex is through clathrin

dependent mechanism. To study the functional role of Bam3}in BCR-mediated antigen

uptake, I established human B cell Iines over-expressing wild-type or mutant Bam32

proteins. My flow cytometric and confocal studies showed that, while surface BCR

expression was comparable in all cell lines, the internalization of the BCR following

antibody ligation was dramatically impaired in cells expressing mutant Bam3Z. Since

BCR+rafficking requires functional actin filaments for both internalization and

movement to late endosomes/lysosomes, I examined the effect of Bam32mutants on F-

actin content using flow cytometry. The quantity of F-actin was lower in cell expressing

mutant Bam32, but higher in cells expressing wild-type Bam3Z. The GTpase Racl is a

major player in actin remodeling and cell signaling following BCR ligation. These data

show Racl co-localized with Bam32 in membrane ruffles and inside the cell following

BCR mediated antigen uptake. Expression of mutant Bam32markedly inhibited basal

and BCR-induced Racl activation, while wild+ype Bam32increased Racl activity.

ABSTRACT
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xv

Downstream signaling events such as JNK phosphorylation and NF-AT-dependent

transcription were also impaired in cells expressing Bam32 mutants. However, Bam32

does not appear to effect Ca2* mobilization, suggesting that Bam32 regulates NF-AT

through aC** independent mechanism. My co-immunoprecipitation-masspectrometry

work shows potential interaction of Bam32 with NF-AT,Bap37 and non-muscle myosin

heavy chain II (NMMHCII). The interaction between Bam3}and NMMHCII has been

confirmed in this study using co-immunprecipitation-immunoblotting technique. This

interaction is possibly important for Bam32-mediated antigen uptake and Bam32-

mediated B cell proliferation.

In summary, my results show that Bam32 co-localizes with the BCR during antigen

uptake and plays a functional role in BCR-mediated antigen uptake, likely through

regulating Racl activation and actin remodeling. Bam32 may terminate the B cell

immune response by suppressing NF-AT activity.



Chapter 1 Introduction



1.1 Lymphocytes and antigen recognition

The immune system is a body wide network of cells and organs that has evolved to

defend the body against attacks by "foreign" invaders termed pathogens or antigens

(Ag). To recognize and fight the wide range of these pathogens that an individual will

encounter, the lymphocytes have evolved to recognize a great variety of different

antigens such as bacteria, viruses, and other disease-causing organisms. There are two

major types of lymphocytes: B lymphocytes (B cells), and T lymphocytes (T cells). Both

B and T cells originate in the bone marrow but only B lymphocytes mature there while T

lymphocytes migrate to the thymus to undergo their maturation. Once they have

completed their maturation, both types of lymphocytes enter the blood stream, from

which they migrate to the peripheral lymphoid organs to control antigen invasion.

The antigen-recognition molecules of B cells are the immunoglobulins (Ig or Ab for

antibody). These proteins are produced by the B cell population in a vast range of

antigen specificities, whereas each individual B cell produces immunoglobulin of a

single specificity (Meffre et al., 2000). These Igs are either secreted or bound to the B

cell surface. Surface-bound Ig is also known as B cell antigen receptor (BCR). Upon

encountering an Ag, the B cells become activated by the binding of Ag to its specific

BCR. Following this activation, B cells consequently proliferate and differentiate into

plasma cells that secrete antibodies or they become memory cells which react

immediately upon antigen recall (Ahmed and Gray, 1996).

2



T lymphocytes recognize antigens by a distinct mechanism, but use a related receptor

called the T cell receptor (TCR). Upon Ag recognition, T cells, differentiate into effector

cells, of which there are two main classes. One class differentiates on activation into

cytotoxic T cells, which kills virus-infected cells, whereas the second class of T cells

differentiates into T helper cells (T") cells that activate other cells such as B cells and

macrophages.

1..2 Generation of diverse Ig specificities through vDJ recombination

A unique characteristic of the BCR and TCR antigen-recognition polypeptide chains is

that they are encoded by sets of gene segments instead of single contiguous DNA

sequence (Schatz et al., 1992). They consist of variable gene segments (V), diversity

gene segments (D) and joining (or junctional) gene segments (J) for the BCR heavy

chain in human (Fig 1.1). The V gene consists of 65 gene segments, the D region of 27,

and the J of 6 gene segment with 2 joints of N-and P-nucleotides. In each of V, D, J gene

region, only one gene segment is required from each gene region to form vDJ

recombination required for each Ig (Alt et a1.,1987; van Gent et al., 1995). The

recombination-activating proteins RAGI and RAG2 orchestrate this process (Menetski

and Gellert, 1990). These recombinases mediate the random rearrangement of I of 27

diversity (D) gene segments next to any 1 of 6 joining (..f gene segments (D -> J). This

is followed by the rearrangement of any I of 65 variable (V) gene segments next to the

already rearranged D-l segment (V -> DJ) (Fig 1.1). Different B cells will rearrange a

different segment in each pool, thereby creating one level of diversity. Further diversity

is brought about by splicing inaccuracies and by the incorporation of nucleotides
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mediated by the enzyme terminal deoxyribonucleotidyltransferase (TdT). The heavy-

chain primary RNA transcript is processed into messenger RNA (mRNA), with splicing

of the rearranged VD,/ segment next to the constant (C) region gene. This mRNA will

encode a heavy chain that appears on the surface of the pre-B cell together with the

surrogate light chain, which is encoded by genes that do not undergo rearrangement (Fig

1.1). As the pre-B cell continues to mature, the immunoglobulin light chains rearrange

also in order, first kappa then if kappa is unproductive (or cannot pair with the heavy

chain) then lambda chain. Light chain genes are similarly organized on different

chromosomes but they have no D gene segments.

The resulting light chain replaces the surrogate light chain, and thereby produces a

mature IgM B-cell receptor on the cell surface. The B-cell receptors at this stage also

usually include IgD antibodies with the same specificity as the IgM molecule, produced

by alternative splicing of the rearranged VDJ to either the Cp or the Cô gene. Expression

of the first ¡,1 heavy chain prevents rearrangement on the other chromosome in a process

called allelic exclusion designed to prevent expression of two antibodies by the same B

cell (Bassing et al., 2002).





1.3 Antibodies and humoral immunity

1.3.1 Functions of B cells

B cells have the following functions:

x They interact with antigenic epitopes, using their immunoglobulin receptors.

x B cells subsequently develop into plasma cells, secreting large amounts of specific

antibody, which bind with pathogens or their toxic products in the extracellular

spaces of the body.

* They circulate as memory cells waiting for the next infection with the same Ag,

where they will capture these Ags.

* B cells present antigenic peptides to T cells following internalization and processing

of the original antigen (This will be explained later in this chapter).

1.3.2 B cell subsets

6

There are three subsets of peripheral B cells, B-2,M2 and B-1 cells (Hardy et al., 1994;

Hardy and Hayakawa,1994). These subsets express distinct Ig repertoires, presumably

reflecting their different functions in the immune system (Tarlinton, 1994). The B-2 cell

Ig repertoire is exceptionally diverse, while the B-1 andMZ cell repertoire is more

limited (cheng et al., 1999). B-2 cells predominate in the blood, spleen, and lymph

nodes, while the B-1 cells are largely restricted to the peritoneum and other body

cavities and comprise the majority of B cells in these areas (Meffre et al., 2000). B-l

cells have the capacity for self-renewal and are responsible for secreting most of the IgM

present in the serum of unimmunized animals (Hardy et al., 1987).



When new pathogens are encountered, the immune system mounts a primary response

during which B cells become activated by two signals: one from the antigen and the

other from T" cells. The B-2 cells proliferate and differentiate into plasma cells, which

undergo class switching, and somatic hypermutations for affinity maturation, which ends

by production of Igs specific for the pathogens; this primary response can take some

time to clear the infection (Kaushik and Lim, 1996).If the body is reinfected with a

previously encountered pathogen, it will have an adapted subpopulation of B-cells

(Memory cells) to provide a very specific and rapid secondary response. This secondary

response is usually very fast and efficient. There are two specific types of cellular

differentiation to generâte memory cells: one resulting in the generation of long lived,

antigen -independent memory cells that respond to renewed antigenic challenge by the

rapid differentiation into plasma cells and production of secreted antibodies, the other

generating a compartment of long lived plasma cells dedicated to long-term antibody

production independent of sustained antigenic challenge (Kaushik and Lim, 1996). Upon

antigenic reencounter, memory cells recruit T cell help through efficient antigen

presentation, which in turn drives their expansion and terminal differentiation, thus

replenishing the plasma cell pool. The secondary response is dependant on a population

of long-lived B memory cells, which reside in the bone marrow, lymph nodes and

spleen.

1.3.3 Humoral Immune Response

Antigen-specific Igs cause the elimination of the extracellular microorganisms and
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prevent the spread of intracellular infections (Meffre et al., 2000). The humoral immune

response initiates by binding of Ag to BCR on B cells. Such cells enter peripheral

lymphoid tissues, which are the sites of interaction with foreign Ags (Arnold et al.,

1988). An Ag binding to the BCR initiates a series of responses that lead to two

principal changes in those B cells: proliferation, resulting in expansion of the clone, and

differentiation, resulting in the secretion of Igs specific for this Ag or generation of

memory B cells (Banchereau et al., 1997). Ab responses to most protein Ag require an

Ag- specific T-cell help (Lederman et al., 1996). The binding of foreign antigen to the

BCR triggers a signaling cascade and internalization of the BCR-antigen complex. As a

consequence, the foreign antigen fuses with lysosomes where it can be degraded into a

series of peptide epitopes (Putnam et al., 2003). The Ag peptides will be loaded on MHC

molecules and presented to T cells (Bonnerot et al., 1995). This process is termed Ag

presentation.

Protein antigens do not induce antibody responses in the absence of T cells, so they are

designated T cell dependent. Some non-protein antigens, such as polysaccharides and

lipids, can produce antibody responses without T cells (T cell independent).

T-cell independent Ag's can directly activate B cells to proliferate and differentiate into

secretory cells (Feldmann and Easten,l97l). The resulting antibody molecules are

predominantly the IgM and IgG3 isotypes and do not give rise to a memory response.

There are two basic types of T-independent antigens: TI-1 and TI-2 (Fehr et al., 1996;

Mond et al., 1979; Morrissey et al., 1 98 1). TI- I antigens include lipopolysaccharide
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(LPS) from the outer membrane of the gram-negative cell wall and bacterial nucleic acid

(Chumley et al., 2000; Litzenburger et al., 1998). These antigens activate B-lymphocytes

by binding to their specific Toll-like receptors rather than to surface Ig (Kantor and

Herzenberg, 1993; Martin et al., 2001; oliver et al., 1997). TI-2 antigens such as

capsular polysaccharides are molecules with multiple, repeating subunits. These

repeating subunits activate B-cells by cross-linking surface Ig. B1 (CD5+; B cells and

marginal zone B cells dominate this type of T-cell independent humoral responses under

the molecular control of activated dendritic cells (Fagarasan et a1.,2000;Hardy and

Hayakawa, 1994).

I.3.4 Antibody classification

All antibodies have a similar overall structure with two light and two heavy chains.

After recombination of the VDJ the heavy chain will combine with a C - (constant part)

which have many isoforms such as D, A, M, E and G. The antibodies are divided into

classes according to the type of the constant chains. There are five different classes of

Igs known as IgD, [gA, IgM, IgE and IgG. There are four subclasses of IgG (IgGl,

lgG2a,IgGZb, and IgG3) and two subclasses of IgA (IgAl and IgA2) (Hentges, 1994) in

human.

The amino acid structure of the C region of the heavy chain determines the isotype of

that Ig class. Each class serves different functions (Janeway, 2001).

IgM, the first Ab formed after primary immunization (exposure to new Ag), protects the

intravascular space from disease. Pentameric IgM molecules which activate complement



and serve as opsonizers and agglutinators to assist the phagocytic system to eliminate

many kinds of microorganisms. Many Igs to gram-negative organisms are IgM.

Monomeric IgM serves as an Ag receptor on the B-cell membrane.

IgG, the most prevalent type of serum Ab, is also found in extravascular spaces. IgG is

the major Ig produced after re-immunization (the memory immune response or

secondary immune response). IgG protects the tissues from bacteria, viruses, and toxins.

IgG is the only Ig that crosses the placenta. Different subclasses of IgG neutralize

bacterial toxins, activate complement, and enhance phagocytosis by opsonization.

IgA is found in mucous secretions (saliva, tears, respiratory, Genitourinary and

gastrointestinal (GI) tract, and colostrum), where it provides an early antibacterial and

antiviral defense. Serum IgA provides protection against Brucella, diphtheria, and

poliomyelitis.
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IgD is present in serum in extremely low concentrations but also appears on the surface

of developing B cells and may be important in their growth and development.

IgE (reaginic, skin-sensitizing, or anaphylactic Ab), like IgA, is found primarily in

respiratory and GI mucous secretions. In serum, IgE is present in very low

concentrations. IgE interacts with mast cells/Basophils; crosslinking of two IgE

molecules by allergen may cause degranulation of the cells, with the release of chemical

mediators that cause an allergic response. IgE levels are elevated in atopic diseases (e.g.,



allergic or extrinsic asthma, hay fever, and atopic dermatitis), parasitic diseases, far-

advanced Hodgkin's disease, and lgE-monoclonal myeloma. IgE may have a beneficial

role in the defense against parasites.

1.3.5 Protective functions of antibodies

Opsonization: In this process bacteria will be coated with antibodies especially IgG.

This facilitates subsequent phagocytosis by cells possessing an Fc receptor, e.g.

neutrophil and phagocytes (Boackle et al., 1998;Janeway, 2001).

Neutralization: Toxins released by bacteria such as tetanus toxin are neutralized when

specific IgG antibody binds (Bachmann and Zinkernagel, 1997) thus preventing the

toxin from causing persistent muscular contraction which is the hallmark of tetanic

spasms. Also the ability of viruses to attach to receptors on host cells can be hindered.

Immobilization of bacteria: Antibodies against bacterial ciliae or flagellae will hinder

their movement and ability to escape the phagocytic cells (Tangye et al., 1998).

Complement activation (classical pathwa)¡): The Fc region of IgM and IgG, activate the

terminal complement components, which induce holes in the cell wall, leading to an

osmotic death of antibody-coated microorganisms. Binding of complement components

also facilitates phagocytosis by cells possessing a receptor for C3b (Hess et al., 2000;

Nielsen et al., 2000).

11

Mucosal protection: This is provided mainly by IgA, and to a lesser degree, IgG. IgA

acts chiefly by inhibiting pathogens from gaining attachment to mucosal surfaces

(Harriman et al., 1989; Liu et al., 1995).
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Expulsion as a consequence of mast cell degranulation: Antigens such as parasitic

worms can bind to specific IgE attached to mast cells through their receptor for IgE Fc,

causing release of mediators from the mast cell. This leads to contraction of smooth

muscle, which can result in expulsion of parasites (Gurish et al., 2004; Oettgen et al.,

1994; W atanabe et al., 7994).

Antibody dependent cell mediated cytotoxicity (ADCC): Antibodies bind to organisms

via their Fab region. Natural Killer cells (NK cells) or macrophages, neutrophils attach

with the BCR-Ag complex via their Fc receptors, and kill these organisms by release of

toxic substances such as perforins (Floyd et al., 1984; Greenman et al., l99z).

Antibodies are crucial for immune protection of the fetus:

IgG is the only class of immunoglobulin that can cross the placenta and enter the fetal

circulation, where it confers immune protection. This is of great importance to the fetus

in the first 3 months (Saji et a1.,1999; Shah et a1.,2003).

1.3.6 Role of pathogenic antibodies in human diseases; aberrant humoral
responses

Antibodies play a crucial role in many pathological disorders such as immunodeficiency

diseases and autoimmunity. some examples are described briefly below.

1.3.6.1 Role of antibodies in immunodeficiency diseases

1.3.6.1.1 XlA-linked agamaglobulinemia (XLA)

Bruton's agammaglobulinemia (XLA) is an X-linked defect in B cell maturation

humans resulting in deficiency in all immunoglobulin classes. In the

ln
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agammaglobulinamias, B- cell development is generally completely blocked in the bone

marrow and serum IgM is absent (Conley et al., 2000). This disease is caused by

mutations in a cytoplasmic tyrosine kinase (Bruton's tyrosine kinase -Btk) (de Weers et

at.,1994).

1.3,6.1.2 Common variable immune deficiency disease (CVID)

This is a disorder characterized by low levels of serum immunoglobulins and an

increased susceptibility to infections. The exact cause ofthe low levels of serum

immunoglobulins is usually not known. The degree and type of deficiency of serum

immunoglobulins, and also the clinical course varies from patient to patient. In some

patients there is a decrease in both IgG and IgA; in others, all three major types (IgG,

IgA and IgM) of immunoglobulins may be decreased (Denz et al., 2000).

1.3.6.1.3 Hyper-IgM syndrome

The hyper-IgM syndrome is a rare immune deficiency disorder. It characterizedby a

defect in immunoglobulin isotype switching resulting in low or undetectable serum

levels of IgG, IgA, and IgE but normal or elevated IgM levels (Bonilla and Geha, 2003).

Mutations in CD40 ligand on T cells which interact with CD40 of B cells to switch from

IgM to IgG/IgA production is the main cause of this disease (Conley et al., lg94) .

1.3.6.2 Role of antibodies in autoimmune diseases

1,3.6.2.1 Lupus erythematosus
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Lupus erythematosus is an autoimmune disease of unknown etiology affecting skin and

connective tissue of all organs leading to vasculitis and perivasculitis of small and very

small arteries. Antinuclear antibodies (ANA), Anti-dsDNA Ab, and Anti-RoAb (anti-

cytoplasm Ab mainly found in patients with lupus erythematosus (Hansen et al., 2000).

1.3.6,2.2 Rheumatoid arthritis

Rheumatoid arthritis is the most common rheumatic disease and involves a chronic and

episodic inflammation of the joints leading to bone erosion and joint destruction. B cells

make Rheumatoid Factor that can be IgM or IgG and that interacts with Fc portion of

other IgG's (rheumatoid factor) (Goronzy and Weyand, 2003).

1.3.6.2,3 Myasthenia gravis

Myasthenia gravis is a disease mediated by auto-antibodies against nicotinic

acetylcholine receptor that function as a receptor antagonist. Autoantibodies to the

acetylcholine receptor lead to its internalization and lysosomal degradation. Loss of cell

surface receptor leads to diminished sensitivity of the muscle to neuronal stimulation

(Levinson et al., 2003).

1.3.6.3 Role of antibodies in allergic inflammation

In allergic reactions, there is an increase in the IgE antibodies specific for harmless

environmental substances (allergens). Cross-linking of a sufficient number of mast

cell/eosinophils/basophil-bound IgE antibodies by allergen initiates a process of intra-

cellular signaling, which leads to degranulation of these cells, with the release of
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mediators of inflammation such as histamine, leukotrienes and cytokines into the

surrounding tissue (Holgate, 2000). This leads to local tissue responses characteristic of

an allergic reaction. In the respiratory tract for example, these include sneezing, oedema

and mucus secretion, with vasodilatation in the nose, Ieading to nasal blockage, and

broncheoconstriction in the lung, leading to wheezing. During the late phase reaction in

the lung, cellular infiltration, fibrin deposition and tissue destruction resulting from the

sustained allergic response lead to increased bronchial reactivity, oedema and further

infl ammatory cell recruitment.

1.4 Overview of receptors regulating B cell activation

B cells can be phenotypically distinguished by surface (s) IgM on immature B cells;

sIgM and sIgD on mature naive B cells; sIgG, sIgA, or sIgE on switched B cells) and by

cD19, cD20,cDzl (cR2), cD35, cD49c, andcDTZ (clark and Lane, l99l). B cells

also express class II MHC and a variety of other receptors not specific to B cell such as

cD22, FCyRII, cD72, PIR-B, cD80, cD86 and cD40 (poe et a1.,2001). Many of these

cell surface proteins serve as signaling receptors to control B cells activation and

differentiation to plasma or memory cells. B cell can be stimulated through many

pathways. B cells are activated by T cells through binding of T cell TCR to MHCII-

peptide on B cells. B cells can receive signals from T cells through CD40 which activate

B cells to proliferate and produce class switched antibodies. B cells can be stimulated

through dendritic cell-derived TNF-family ligands APRIL and/or BAFF which enhance

differentiation to plasma cells (Asselin-Paturel et aI.,2001). Also B cells are activated

upon binding of cytokines such as lL-2 to its receptor on B cells. B cell respond to



chemokines such as SDF-I, cclA, and ccl-5 (Honczarenko et al., 2002;Appay and

Rowland-Jones, 2001).

While B cells express mâny types of receptors involved in regulating humoral immunity,

the surface Ig, or B cell antigen receptor (BCR), plays a critical role in determining a B

cell's response (Torres et al., 1996).

1.5 BCR signaling

The BCR complex on mature, resting B cells consists of an antigen-recognition site that

is composed of membrane-bound immunoglobulin (mlg) of the ¡r or ô isotype, non-

covalently associated with disulfide-linked heterodimers of CD79a (Iga) and CD79b

(Igp) (Cambier and Jensen, 1994;Rerh and Wienands, l99Z).

The BCR belongs to a class of multi subunit immunoreceptors, which share two

characteristic features. First, the Iigand-binding structure and the signaling functions are

located on different polypeptides (Cassard et al., 1996; DeFranco et al., 1995). Second,

this immunoreceptor does not possess an enzymatic activity but their signaling

components contain a conserved peptide motif, the immunoreceptor tyrosine-based

activation motif (ITAM) in the cyoplasmic part of Iga and IgB transmembrane domains

(Reth, 1989).

t6

Engaging the BCR with multivalent Ag or anti-BCR initiates alarge number of

signaling reactions (Kurosaki, 1999). Binding of an antigen with its specific B-cell
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receptor induces transmembrane signaling to inside the cell through the ITAMs, which

couples the receptor to cytoplasmic effector proteins such as lyn and syk which are

recruited to the lipid rafts (Campbell et al., 1990). The BCR-activated tyrosine kinases,

in turn, phosphorylate a number of proteins (DeFranco et al., 1995). The role of these

signaling proteins is to convey the signal from the BCR to cellular targets. These include

transcription factors that regulate the expression of genes involved in B-cell activation,

proliferation, and differentiation (Ishiai et al., 1999), and the cytoskeleton (Brown and

Song,2001).

1.5.1 Protein tyrosine kinase activation

Studies have shown the BCR signaling pathway initiates by cross -linking of Igcr and

IgB that lead to activation of protein tyrosin kinases (PTKs) (Matsuo et al., 1993). BCR

engagement activates three classes of cytoplasmic PTKs:

1) The Src family members Lyn, Blk, Fyn, Lck and Fgr (Vihinen and Smith, 1996),

2) The PTK Syk (Rowley et al., 1995), and

3) The Tec family member Btk (Takata and Kurosaki, 1996).

The PTK not only induces a positive signal but they are also required to perform

inhibitory functions to modulate and finally switch off the BCR signal (Baba et al.,

200I; Healy et al., 1997; Nishizumi et al., 1998; Torres and Hafen, 1999). The ITAM

can be phosphorylated by Src family kinases. The doubly phosphorylated ITAMs of Igcr

and lgp are recognized with high affinity by the tandem SH2 domains of Syk. Following

its activation, Syk can trigger many different signaling pathways (Yang et al., 1995)

(Fig. 1.2+1.3).





1.5.2 Syk -PLC-1 pathway

Syk in response to BCR stimulation phosphorylates the adaptor protein B cell linker

(BLNK) (Baba et al., 2001) which activates Bruton tyrosine kinase (Btk) (Kurosaki et

al., 2000)' Syk and Btk phosphorylate phospholipase C (PLC)-y leading to its activation

(Nagai et al., 1995). once activated, pLC-y cleaves the plasma membrane lipid

phosphatidylinositol4,5-bisphosphate (PIP2) and generates the second messengers

inositol-1,4,5-triphosphare (Ip3) and diacyrglycerol (DAG) (Muallem, l9g9) (Fig. 1.2).

IP3 binds to receptors in the endoplasmic reticulum to initiate release of intracellular

Ca2* stores (Bezpronanny et al,l99l; Finch et al., 1991b). Increased intracellular Ca2*

activates the protein phosphatase calcineurin (Fu et al., 1998), which dephosphorylates

the cytoplasmic component of the transcription factor Nuclear factor of activated T cells

(NF-AT) (Rao et aL.,1997), resulting in its accumulation in the nucleus in association

with members of the AP-1 family (Janes et al., lggg) (Fig. 1.2).
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The second branch that results from PLC -y activity is the activation of protein kinase C

(PKC) by both DAG and Ca2*(Miyakawa et al., tggg) (Fig.1.1). pKCs link the BCR to

the Nuclear factor r- binding (NF-rB) transcription factor (Mecklenbrauker et al.,

2002). PKC plays a major role in the induction of early response genes such as c-myc, c-

fos, and Egr-1 by the BCR (odajima et al., 2000; seyferr et al., 1990). The early

response genes encode transcription factors that are likely to be important regulators of

B- cell survival, activation, and proliferation (Okada et al., !999).



1.5.3 Syk- Ras signaling pathway

BCR -mediated Syk activation leads to phosphorylation of the adaptor protein Shc

(Nagai et al., 1995). Activated Shc binds with another adaptor protein Grb2, which is

constitutively associated with the guanine nucleotide exchange factor SOS which is

thereby recruited to the membrane forming a Shc/Grb2lSOS signaling complex

(Holsinger et al., 1995; Hashimoto et al., 1998) (Fig. 1.3). In addition, a trimolecular

complex of BLNK, Grb2 and SOS has been identified and becomes associated with the

membrane fraction following BCR ligation (Fu et al., 1998). When Sos is targeted to the

membrane, membrane-anchored Ras is activated by exchange of GDP for GTP. GTP-

bound Ras binds and activates Raf, a serin/threonin kinase (Iritani et al., 1997), which in

turn activates the mitogen activated protein kinase (MAPK) pathway, which

consequently activates the ERKI and ERK2 MAPKs (Brummer et al., 2002). Upon

activation, the ERKs migrate to the nucleus where they phosphorylate and activate Ets

and ternary complex factor (TCF; Elk-1 and Sapla) family proteins (Costello et al.,

2004). This in turn activates Fos and Egr-1 genes, which in turn activate gene

transcription (McMahon and Monroe, 1995). Egr-1 mediates the ability of the BCR to

induce expression of several genes, including those encodingCD44 and ICAM-1

(Maltzman et al., 1996). Significantly, the Ras/Raf/MEIIERK pathway is also involved

in cell cycle progression, probably by controlling cell cycle regulators (Brummer et al.,

2002).
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1.5.4 The role of PI3K in B cell signaling

Phosphatidylinositol-3 kinase (PI3K) is one of the most important regulatory proteins

that are involved in different signaling pathways and control key functions of B cells

such as B cell proliferation, Ag internalization and B cell survival. There are three

classes of PI3K kinases differentiated based on their substrate specificity. Class I pI3K

contains a catalytic subunit of 110 kDa which phosphorylates phosphoinositides ptdlns,

Ptdlns (4,Ðn and Ftdlns (4) P. Class II PI3K phosphorylare Ptdlns and ptdlns (4) p but

not Ptdlns (4,Ð m. Class III PI3K may be involved with trafficking of proreins among

cytoplasmic organelles (Vanhaesebroeck et al., 1997). Class I pI3K is the most

important for B cell development and B cell survival (Okkenhaug and Vanhaesebroeck,

2003). Among the main effectors of PI3K are the mitogen-transducing signal proteins

(protein kinase C, phosphoinositide-dependent kinases, small G-proteins, MAp (mitogen

activated protein) kinases. PI3K has anti-apoptotic effect by participation in protein

kinase B (PKB/AKT) activation(Tokerand Cantley,1997). PI3K is a major player in

malignant transformation (Cantley,2002; Toker and Cantley, 1997). The transforming

effect of PI3K is thought to occur on the basis of constitutively generated pI3K-

dependent mitogen signal and activation of some proto-oncogene (src, ras, rac, etc.)

(Cantley, 2002; Toker and Cantley,1997). PI3K is heterodimeric, being composed of a

regulatory subunit (P854, P85P, P551 or Pl0l) and a catalytic subunit (Pl10a, pl10p,

Pll0T or Pl10ô).

22
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Upon BCR occupancy, the p85 subunit of PI3K binds to the SH3 domain of lyn and to a

tyrosine-phosphorylated YxxM motif in CD19 via its SH2 domain (O'Rourke et al.,

1998; Li and Carter, 2000). Both interactions lead to increased pI3K activity

(Granboulan et al., 2003) (Fig.1.a). Acrive pI3K phosphorylate Frdlns (4,5) p2to

generate Ptdlns (3,4,5) P3, which consequently can be dephosphorylated by SH2 domain

containing inositol polyphosphate 5-phosphatase (SHIP) to Prdlns (i,4)pZ (Liu et al.,

1997) or by phosphatase and tensin homolog on chromosome ten (PTEN) ro prdlns (4,5)

P2 (Cantley and Neel, 1999). The different phospholipids products of activared pl3K

affect a number of pleckstrin homology (PH) domain-containing signaling molecules,

like Btk (Isakoff et al., 1998), PKB (Isakoff et al., 1998), Bam32,TAppllz (Marshall et

a1.,2002) and isoforms of PKC to be recruited to the membrane (Kang et al., 2001).

These phospholipids have been shown to play a prinipal role in recruiting pH domain-

containing proteins to the membrane in a number of cell systems (Shaw et al., lggT).

This recruitment is crucial for targeting the signaling proteins to the correct membrane

locations where they will be in close proximity to their substrates and other signaling

proteins that function in the same pathway (Granboulan et a1.,2003). Deletion of the

PI3K P85 subunit results in defects in BCR-mediated B cell proliferation and

differentiation (Fruman et al., 1999).

1.5.5 VAV-Rac signaling pathway

BCR ligation causes Syk to induce tyrosine phosphorylation of Vav (Deckert et al.,

1996). Tyrosine phosphorylated Vav is a guanine nucleotide exchange factor (GEF) for

Racl (Cantrell, 1998). Racl is known to be activated by the BCR and is known to be
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involved in many signaling processes in other cell types such as epithelial cells (Zhang

eta1.,2004) and fibroblasts (Waterman-Storer et al., 1999); however, the exact function

of Racl in B cells in not well characterized. GEFs such as Vav or Tiams (Michiels et al.,

1995) induce the activation of Racl which is involved in several important processes in

mammalian cells. First, Racl activates Phosphatidylinositol4,5-biphosphate kinase

PIP5K to phosphorylate Ptdlns (4) P, resulting in synthesis of Ptdlns (4,5)P2 (Fischer et

al., 1998b) (Fig. 1.4). This lipid plays a key role in receptor-induced actin

polymerization and cytoskeletal reorganization (Fischer et al., 1998a). Another potential

role of Vav/Racl pathway may be to link receptors to the mitogen-activated protein

kinases JNK and p38MAPK. Racl also target directly p2l-activated serine/threonine

kinase (PAK) (Daub et al., 2001). PAKs serve as important regulators of cytoskeletal

dynamics, cell motility and transcription through MAP kinase cascades. PAKs also

regulate death and survival signaling, and cell-cycle progression (Cau et al., 2001). Racl

is required to activate WAVE proteins which play an important role in membrane

ruffling though actin reorganization by activation of Arp2l3 (Miki et al., 1998).
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Fig. 1.4 PI3K activation



1.5.6 Role of CD22 and FcIRII in the modulation of BCR signaling.

B-cell immune response to antigens is terminated or attenuated by surface receptors such

as FcyRIIBI and CD22 on B cells (Andersson et al., 1996; Pearse et al., Ig99).

The 'negative signaling' can result from activated effector elements that shift the

equilibrium of protein tyrosine phosphorylation or lipid phosphorylation in the direction

of dephosphorylation, hence preventing a continuous signal flow from the BCR and

consequent B CR pro I iferati on and differentiation.

Some of the mechanisms that operate to diminish or eventually terminate BCR

activation have been recently elucidated. They involve two classes of signaling

molecules; transmembrane proteins that act as BCR coreceptors (CD22, FcyRIIBI) and

cytoplasmic phosphatases (SHPI and SHIP) (Marshall et al., 2000b). When CD22is

coligated with the BCR, activation of BCR signaling cascades is inhibited (Poe et al.,

2000). In the inhibitory pathway, CD22 becomes phosphorylated, most likely by Lyn

(Blasioli and Goodnow,2002; Cornall et al., 1998), within peptide motifs that are also

found in other inhibitory receptors (immunoreceptors tyrosine- based inhibitory motifs

(ITIMs) (Otipoby et al., 2001).ITIM phosphorylation of CD22recruits the SH2 domain

containing protein tyrosine phosphatase SHP-1 (Adachi et al., 200I; otipoby et al.,

2001) facilitating dephosphorylation and inhibition of Syk by SHP-1 (Chen et al., 1997;

V/ienands et al., 1995). This leads to the inhibition of IP3 generation and hence to loss

of C** release from intracellular stores (Pasquet et al., 2000).
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Another inhibitory pathway is through FcyNIBl. Coengagment of FcyRIIBlwith BCR

results in a potent inhibitory signal that depends on the recruitment of Src homology 2-

containing inositol phosphatase (SHIP) (Bolland and Ravetch, 1999). SHIp binds with

the phosphorylated immunotyrosine-based motif (ITIM) in the cytoplsmic region of

FcyRIIBI(Ono et al., 1996). SHIP is a lipid phosphatase that provides a strong inhibitory

signal for cell activation in large part by inhibiting Btk by dephosphorylation of

Phosphatidylinositol 3,4,5-triphosphare (plp3) (pasquet et al., 2000). In summary, SH2_

containing phosphatases counteract either early or late BCR signaling events by being

recruited to the membrane via phosphorylated ITIMs of BCR co-receptors (Ono et al.,

re97).

1.6 Antigen uptake and presentation

1.6.1 BCR as antigen uptake mechanism

Antigen presenting cells such as DCs, macrophages, and B cells play a critical role in

clearing extracellular antigens. DCs and macrophages uptake antigens in a non-specific

manner by phagocytosis while the B cells uptake antigens specifically through BCR -

mediated endocytosis. The BCR distinguishes itself by its ability to recognize Ags in

their native form (Siemasko and Clark, 2001). The affinity of BCR for antigen epitopes

can be high so that the B cell can bind and internalize the antigen when it is present in

body fluids in very low concentrations (thousands of times smaller than a macrophage

would need) (Batista and Neuberger, 1998). This is critically important especially in the

beginning of infections where the concentration of Ag is very low and the number of

antigen-specific B cells and T cells is limited.



In immature B cells, the binding of antigen results in negative selection of the B cell,

inducing apoptosis or anergy (Gauld et al., 2002).In mature B cells following the

binding of antigens, the BCR transduces signals and internalizes antigens for processing

and presentation, both of which are required for initiating an effective antibody response

(Reichlin et al., 2001). The engagement of the BCR by Ags induces the reorganization

of the surface BCR and the association of the BCR with detergent-insoluble lipid rafts

(Cheng et aI.,2001). The lipid rafts provide platforms for BCR-signaling microdomains

and internalization (Pierce, 2002).

Early studies showed that Ag cross-linking induces the redistribution of the surface

BCRs into polarized caps (Siemasko et al., 1999).Iga and Igß heterodimer have been

shown to facilitate antigen processing by accelerating antigen targeting to the processing

compartment (Aluvihare et al., 1997). Upon entering the endocytic pathway,

antigen-BCR complexes transiently pass through early endosomes and then to the MHC

class ll-containing compartment (MIIC) (West et al., 1994).The MIIC contains newly

synthesized MHC class II molecules (Cheng et al., 1999;Liljedahl et a1.,1996; van Lith

et al., 2001), the DM regulator, DO (Liljedahl et a\.,1996), and resident proteins of late

endosomes, like lysosomal-associated membrane glycoprotein-1 (LAMP-1) (Chen et al.,

1985). Antigen-BCR complexes are degraded in the endo-lysosomes and the resulting

peptides are loaded onto class II molecules in the MIIC (chen et al., 1985).
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BCR-initiated signaling plays a major role in regulating antigen processing. Tyrosine

kinase inhibitors that block BCR signaling lower the antigen-presenting efficiency of B

cells and inhibit accelerated antigen transport (Pure and Tardelli, 1992; 
'Wagle 

et al.,
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1998). In addition, the tyrosine phosphorylation sites in the cytoplasmic rail of the Ig

chain of the BCR and tyrosine kinase Syk (Lankar et al., 1993) have been shown to be

important for BCR-mediated antigen processing. These demonstrate that there are

multiple links between BCR signaling and antigen-processing pathways.

The events in MIIC are also dependent on BCR-initiated signals (pierce et al., 1995;

Pure et al., 1990). First, receptor activation induces an accumulation of newly

synthesized MHC class II within the MIIC (Cassard et al., 1998; Siemasko et al., 1999).

This may be facilitated by protein kinase C-dependent phosphorylation of invariant

chain that augments late endosomal targeting (pure and Tardelli,lggz). Second,

receptor activation increases the acidity of the MIIC which is required for antigen

degradation (Harding and Geuze,1993). Although the intracellular trafficking pathway

of the BCR has been well characterized, the molecular mechanisms for the specific

targeting of the BCR are not well understood.

1.6.2 Endocytosis mechanisms

Endocytosis is critically important for down regulation of growth factor signaling,

nutrient uptake, antigen presentation and pathogen internalization (Engqvist-Goldstein et

al',2001). Endocytosis of foreign Ags and subsequent processing and presentation is

essential for generation of the cellular immune response (Bonnerot et al., 1995). There

are several distinct endocytic pathways for internalization, however, because of the

importance of clathrin-mediated endocytosis for this work, I will review this process in

more detail.

Clathrin-mediated internalization in mammalian cells has been divided into several

distinct stages (Fig. 1.5). The first step in this stage is the recruitment of clathrin to the
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plasma membrane where it assembles on the tipid bilayer to form coated pits (Beck et

a1.,1992; Coppolino et al., 2002). The coated pits enclose receptors, proteins such as

Ags, and other substrates from extracellular milieu (Mallet and Brodsky, 1996). The

formation of coated vesicles only takes place at specialized sites of the plasma

membrane, where aggregation of receptors occurs (Goldstein et al., 1979; Kamal and

Goldstein, 2000). The clathrin molecule consists of a triskelion formed by three clathrin

heavy chain molecules (CHC), each associated with clathrin light chain (CLC)

(Brodsky, 1997; Morris et al., 1989). The clathrin coat assembles as the membrane is

inwardly deformed ('invaginated'). Progressive invagination eventually promotes the

budding of a coated vesicle within the cytoplasm (Brodsky et al., 2001; Ungewickell and

Branton, 1981).

After deeply invaginated coated pits are formed, the neck narrows to form constricted

vesicles. These subsequently pinch off from the plasma membrane (Keen, 1990). The

dynamin protein has been shown to be required for this process (Gad et al., 2000;

Hinshaw, 2000; Sever et aI.,2000b). A recent study in fibroblasts suggest that at

endocytic-neck sites, dynamin may couple the fission reaction to the polymerization of

an actin pool that functions in the separation of the endocytic vesicles from the plasma

membrane (Lee and De Camilli,2002). Once released, the coated vesicles move away

from the plasma membrane (Lemmon and Ferguson,200l; Ungewickell et al., 1995).

These clathrin-coated vesicles deliver receptor-ligand complexes and solutes to early
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endosomes, where receptors and ligands are either recycled to the plasma membrane or

transported to lysosomes to be degraded (Bennett et al., 2001). This is shown in the

lower panel of Figure 1.5 with large arrows indicating movement of vesicles.

1.6.3 significance of cytoskeleton for the internalization machinery

Cytoskeletal structures play a critical role to organize the endocytic machinery at

specific sites or 'hot spots' on the plasma membrane, to provide the force to drive

membrane fission and to promote vesicle movement into the cytoplasm (Munn, 2001)

(Fig.1.a). Actin and proteins important for actin polymerization such as the Arp¿l3

complex, HiplR and AP-2 have been shown to orchestrate clathrin-mediated

endocytosis (Rao et aI.,2001) (Fig.1.6). Following cell activation, globular actin is

assembled into new filamentous actin. Actin may function at several distinct stages of

clathrin-mediated endocytosis (Fujimoto et al., 2000). In cells treated with cytochalasin

D (CD) clathrin coated vesicles (CCVs) remained connected to the cell surface by long

narrow necks (Gottlieb et al., 1993; Apodaca, 2001). In addition to a requirement for de

novo nucleation of actin filaments andior generation of branched actin networks, there is

also evidence that actin filament turnover is required for endocytic internalization

(Brown and Song, 2001). Jasplakinolide, a drug that stabilizes F-actin and promotes

furtherpolymerization, inhibits endocytosis in yeast (Ayscough, 2000; Fowler, IggT).





The potential importance of cytoskeletal rearrangement in BCR engagement was

initially revealed in B cells by the demonstration that cytoskeleton-disrupting agents

(Brown and Song, 2O0I:' Cheng et al., 2001), such as cytochalasin B, interfere with the

membrane immunoglobulin (mlg) internalization following antibody -mediated mlg

cross-linking (Loor et al., 1972; unanue and Karnovsky, 1973). similarly, the

importance of cytoskeletal components, such as actin and myosin in BCR capping

(Gabbiani 1977; Bourguignon et al., 1978) provided initial evidence of an integral role

for cytoskeletal elements in modulating antigen receptor function. Actin is required for

targeting BCR-Ag complex to MHCII compartments and for Ag peptides -MHCII

presentation (Brown and Song, 2001).

1,.7 Antigen presentation to T cells

Exogenous antigens are taken up by antigen-presenting cells (APCs), which are DCs,

macrophages, or B cells. After endocytosis, exogenous Ag peptides are mostly loaded

into MHCII and presented to CD4.T cells, which bind with MHCII-peptide complex, by

its complementary TCR and CD4 coreceptor. APCs need several properties in order for

them to be involved in presentation to T cells: the capacity to bind the Ag, the capacity

to internalize and process the Ag, the synthesis and expression of MHC molecules, the

expression of adhesion molecules to promote and insure the APC-T cell interaction, and

the expression of costimulatory molecules (i.e. the molecules that promote the growth

and differentiation of T cells during antigen presentation). The site of ApC-T cell

interaction is referred to as an "immunological synapse" (lS) (Andre et al., lgg4).
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A process of polarization, motility, and morphological changes occurs in T cells

interacting with APC cells (Grakoui et aI.,1999). T cells develop membrane extension

of cytoskeletal protrusions at the contact site, which cover the interface of the opposite

part of APCs (Negulescu et al., lgg6).The MHCII-peptide on B cell and T cell surface

receptors start to migrate and concentrate at the contact site. The cognate interaction of

B and T cells triggers the engagement of many other accessory molecules on both cells,

which serve to stabilize the B-T conjugations and to coordinate the responses of the

interacting cells. They include 87.1 (CD80),87-2 (CD86), CTLA-4, LFA-l

(CDl lall8),LFA-? (CD106) and VLA4 (CD49dl29). The first signaling event is from

T cell to APCs through APC-T cells interaction between TCR and Ag peptide/MHC II

molecules (Monks et al., 1998). The second signal is provided by an interaction between

costimulatory signaling molecules such as 87 molecules on APCs andCD2S1CILA4

expressed on T cells. This enables the T" cells to produce cytokines such as lL-z,IL-4,

IL-5, IL-6 (Gray et al., 1996; Van den Eertwegh et al., 1993). These cytokines, together

with the signaling from CD40L on T cells to CD40 on B cells, induce B-lymphocyte

proliferation (Kupfer et al., 1994), secretion of antibodies (Armitage et al., 1992),

differentiation of B-cells into antibody-secreting plasma cells (Cancro,2004) and class

switching (Callard et al., 1994; Renshaw et al., 1994).In the absence of T cell help these

antigen-activated B cells will die by apoptosis (Rathmell et al., 1998).



1.8 Role of adaptor proteins and molecular- recognition domains in lymphocyte

signaling

1.8.1 Src-homology 2 (SH2) domains

Src-homolo gy 2 (SH2) domains are modules of -100 amino acids that bind to specific

phosphotyrosine (pY)-containing peptide motifs (Cockcroft and Thomas, 1992). This

occurs through recognition of pY by its conserved pocket and a more variable pocket

that binds 3-6 residues C-terminal of the pY (Koch et al., 1991). SH2 domains have been

found to have a positively charged binding cavity, largely conserved between different

SH2 domains (Koch et al., 1989), which coordinate binding of the pTyr in the target.

The ionic interactions between this pocket and the pTyr, in particular, provide the

majority of the binding energy stabilizing SH2 domain-target interactions (Pawson,

1988). The specificity in SH2 domain-target interactions emanates most often from the

interactions between the residues C-terminal to the pTyr in the target and the specificity

determining residues in the C-terminal half of the SH2 domain (Moran et al., 1990;

Pawson,2004).
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SH2 domains are involved in activating and inhibiting BCR signaling. The SH2 domains

of Syk interact with ITAMs playing a critical role (Johnson et al., lgg5). The interaction

of SHIP- and SHP SH2 with ITIM of FCyRIIB are examples of inhibirory funcrions

mediated by SH2 domains (Maresco et al., 1999).



1.8.2 Pleckstrin homology (PH) domains.

Pleckstrin homology (PH) domain sequences are found in a number of signaling

molecules in organisms ranging from yeast to humans. PH domains are small protein

modules of 100-120 amino acids that are found in a large number of proteins involved in

intracellular signaling and cytoskeletal organization (Lemmon and Ferguson, 2000).

This domain often occurs alongside SH2, SH3, pTB, Dbl or other pH domains. pH

domains are found frequently in regulators of small GTP-binding proteins (both GTpase

and guanine nucleotide exchange factors) (Zhenget al., 1996);in cytoskeletal proteins

such as spectrin (Zhang et al., 1995); in putative signaling adaptor molecules such as

GrbT,IRS-I (Dong et al., 1997; Vainshtein etal.,2}Ol) as well as proteins involved in

cellular membrane transport such as dynamin (Scaife and Margolis, 1997).

Mutations in the PH domain of Btk in human X-linked agamaglobulinemia (XLA)

patients provided the first evidence for the functional importance of PH domains in vivo

(Mattsson et al., 1996). Many PH domains have been shown to function in membrane

targeting by binding to specific phosphoinositides such as phospharidylinositol (pI) -4,5-

bisphosphate (Rebecchi and scarlata, 1998), pr-3,4-m (Gagnon et al., lggg)or pI-3,4,5_

P3 (Lemmon and Ferguson, 2000). PH domains generally have a strong electrostatic

polarization and interact with negatively charged phospholipids via their positive pole

(Lemmon, 1999). The PH domain family is very divergent at the sequence level; the

average pairwise identity is below 20Vo. Despite this, their three dimensional structures

are very conserved (Lemmon et al., 1996).
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The PH domain fold of Bam32 comprises an anti-parallel B-sandwich, with two roughly

perpendicular B-sheets, followed by a C-terminal amphipathic c¿-helix. Bl-p2loop are

important for binding the phosphatidylinositide phosphates by establishing a positive

electric potentrial on the face of the PH domain. PH domain are electrostatically

polarized, with their positively charged face coinciding with the phosphoinositide-

binding site (Lemmon MA Biochem J 2000; Ferguson et al., 2000).

The PH domain of Bam32 contains the conserved residues found in all pH domains, as

well as the invariant Trp residue (Trp-250, Fig. 1.7). Furthermore, the pH domain also

contains the motif K-x8-12-R/K-x-R-Hyd (where x is any amino acid and Hyd is a

hydrophobic amino acid (Fig. 1.7), found in all the PH domains that interact wirh

Ptdlns(3,4,5)P3 and Prdlns(3,4) P2 with high affinity.

The binding of Bam32 to ftdlns(3 ,4,5)P3 appeared to be relatively stereospecific, as

Bam32 interacted only weakly in the assay with the non-physiological L enantiomers of

sn-l-stearoyl,Z-arachidonoyl L-PtdIns(3,4,5)P3 and sn-2-stearoyl, 3-arachidonoyl D-

ftdlns(3,4,5)P3 (Dowler er al., 2000). The interaction of Bam32 with lipids was

mediated by the PH domain because GST-Bam32-DPH did nor interacr with any

phospholipid. Furthermore, mutation of a conserved lysine residue (Lys-173) or the

invariant tryptophan (Trp-250) or Arginin 184 in the isolared PH domain of mDAppl

abolished its interaction with 3-phosphoinositides (Dowler.,2000; Marshall et aI.,2000).





effector branches using modular domains that allow them to mediate specific protein-

protei n and protei n-l ipi d interactions (Janssen and Zhang, 2003 ).

For example, Gad proteins are member of the Grb2 family of adaptors that mediate the

formation of a complex between LAT and SLP-76 in T cells that is essential for signal

propagation from the TCR signaling (Zhang et al., 1998a). Another adaptor prorein

termed Lnk has been found to be important for controlling the expansion of B cells

(Takaki et a1.,2000). B cell linker protein (BLNK, also called SLP-65 or BASH) is an

adaptor protein phosphorylated upon BCR crosslinking. The role of BLNK is to bring

Btk and PLCyZ into close proximity with each other. This recruitment depends on Syk

mediated tyrosine phosphorylation of BLNK. Therefore, BLNK represents a typical

example of the adaptor molecules that play an integral role in bringing two distinct

PTKs into the effector pathways. Mice deficient in BLNK show impairment in the

transition of early B-cell progenitors (pro-B cells) to precursor B cells (pre-B cells) and

a marked reduction in B-lymphocyte numbers (Hayashi et al., 2000; Jumaa et al., 1999;

Minegishi et al., 1999; Pappu et al., 1999), demonstrating the critical importance of this

adaptor for B cell differentiation.

Following BCR cross linking, BLNK become phosphorylated and consequently binds to

PLCy2 facilitating its activation (Ishiai et al., 1999). BLNK plays a critical role in the

phosphoinositide-calcium pathway following BCR activation (Kurosaki et al., 2000).

N

1.8.4 Discovery of a novel family of PH domain - containing adaptor proteins:

Bam32, TAPP1 and TAPP2
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Bam32, TAPP1 and TAPP2 are adaptor proteins that have been recently discovered

(Dowler etal., 1999; Dowler et al., 2000; Marshall et al., 2002; Marshall et al., 2000;

Rao et a1.,1999). The B lymphocyte adaptor molecule of 32 kDa (Bam32) protein, is

also called dual-adaptor for phosphotyrosine and 3-phosphoinositides-l (DAPP1) or 3'

phosphoinositide-interacting SH2 domain-containing protein (PHISH) (Anderson et al.,

2000; Dowler et al., 2000a; Marshall et al., 2000a; Rao et a1.,1999), and is expressed

primarily in lymphoid tissues. Tandem PH domain containing Protein-1 CIAPPI) and-2

(TAPP2) possess two sequential PH domains and are widely expressed (Fig. l.g).
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BCR-driven TAPP1 and TAPP2 translocation to the membrane is a relatively slow with

sustained response, in contrast to Btk recruitment and Ca2* mobilization responses

(Krahn eta1.,2004).

1.8.5 Overyiew of Bam32

1.8.5.1 Structure

Bam32 amino acid sequence is highly conserved between different species. Mouse and

chicken show >9OVo and>\\Vo identity to human Bam32respectively (Niiro and Clark,

2003). In addition to possessing an N-terminal src-homology 2 (SH2) domain, Bam32

protein contains a C-terminal pleckstrin homology (PH) and a tyrosine phosphorylation

site (Y139), located between the SH2 and PH domains (Fig. l.S). Its pH domain has a

high affinity for PIP3 and PI(3,4)p2 (srephens er al., 2001). Bam32is tyrosine

phosphorylated on residue Tyrl39 in response to a number of stimuli (PDGF and anti-

BCR) in a PI 3-kinase- and translocation-dependent manner (Anderson et al., 2000;

Marshall et al., 2000a). The phosphorylation of Bam32 is also Lyn- and Syk-dependenr

(Stephens et al., 2001).

1.8.5.2 Subcellular localization of Bam32

Upon BCR cross linking Bam32 is recruited to the membrane within 1-2 min. In BJAB

B lymphoma cells the recruitment of Bam32to the membrane is sustained for up to 1

hour (Marshall et al.,2O02).It has been shown that Bam32was spatially distributed with

F-actin in membrane ruffles after BCR cross-linking (Marshall et al., Z0O2).In DT40

cells, Bam32 colocalized with BCR-complex vesicles after BCR activation (Anderson et
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al.' 2000). Recent study has demonstrated thatBam3?and TAPP2 are positively, rather

than negatively, regulated by FcyRII and SHIP and the expression of membrane-targeted

SHIP abrogated Btk recruitment, but had no inhibitory effect on Bam32 or TApp2

recruitment (Krahn et al., 2004).

1.8.5.3 Phenotype of Bam32 deficient mice

consistent with the findings in humans (Marshall et al.,2000a), mouse Bam32

expression is mainly restricted to hematopoietic tissues (Han et al.,2003). Two kinds of

Bam32-deficient mice have been generated by using a conventional germ Iine knockout

technique (Han et a1.,2003) or a viral gene trap approach (Fournier et al., 2003)

respectively . Bam32-l- mice have relatively normal development of both B cells and T

cells. Han et al. found that the proportion of peritoneal B-1a cells is clearly decreased in

Bam3Z-l- mice. Peritoneal B-1a cells constitute an arm of T cell-independent immune

responses (Berland and Wortis,2002). Accordingly,Bam32 -/- mice show that T cell-

independent type II (TI-2), but not T cell-dependent (TD) immune responses are

defective. Since IgG3 is the main isotype generated inTI-Zimmune responses (Berland

and TVortis,2002), antigen-specific IgG3 was clearly diminished in mice sera compared

to the wild type. This defect in TI-2 responses makes Bam3}-l- mice highly susceptible

to infection with encapsulated bacteria such as Streptococcus pneumoniae (Fournier et

a1.,2003).In addition to peritoneal B-la cells, MZ B cells have been implicated in TI-2

responses (Martin et al., 2001). However, marginal zone B cells appear normal in

Bam3?-l- mice (Han et al., 2003).
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Bam3?-l- mice show impairment in BCR-induced B cells proliferation (Han et al.,

2003). on the other hand, cD40-, LPS-, RP105 (cDl80)-, cD38-, and cpG-induced

proliferation of Bam32-/- B cells is normal. In conclusion, Bam32 is required for a

BCR-induced proliferation of mature B cells but not for proliferation induced through

other receptors such as CD40 or Toll-like receptors (TLR) (Niiro and Clark, 2003).

Bam32 -/- mice show that Bam32 does not affect B cell survival before or after BCR

activation in contrast to findings in DT40 chicken B cells (Han et al.,2OO3; Niiro et al.,

2002).

1.8.5.4 Basis for BCR signaling defects in Bam32-/- B Cells

Bam32 mutant DT4o cells exhibited a decrease in BCR-induced tyrosine

phosphorylation of PLCïZ andC** influx, but that is not the case in Bam32-deficient

mouse B cells (Niiro et al., 2002). However, the common finding is that Bam32

regulates MAPK pathways. Similar to Bam32- l- DT40 B cells (Niiro et al., 20OZ), BCR-

mediated activation of the JNK and ERK pathways has been found to be impaired in

Bam32-deficient mouse B cells (Han et al., 2003) (Fig. 1.3). Significantly, acrivation of

more upstream MAPKs such as MEK kinase I (MEKKI) appears to be reduced in the

absence of Bam32. This pathway may be regulated by hematopoietic progenitor kinase-

1 (HPKI) (Han et a1.,2003) (Fig. 1.3). Moreover, Bam32 seems physically associare

with HPKl, however, the significance of this interaction is not clear. In addition, DT40

mutant cells were impaired in BCR-induced activation of the transcription factors NF-

AT and NF- kB (Niiro et al., 2002), possibly as a result of the effects on MApK

signaling.



1.9 Issues still left unresolved

The B-cell receptor (BCR) has two functions. The first is to initiate signal cascades that

lead to either positive or negative cellular responses. The second function of BCR is to

uptake the antigen and target it to MHC class II- containing compartments allowing the

B cell to be recognized and stimulated by Ag-specific T cells. The positive signaling

induced by BCR-bound Ag and T cells lead to B-cell activation, proliferation and Ig

secretion. These Igs clear the body of the invading pathogens. This signal also leads to

generation of memory cells, which have a crucial role in the secondary immune response

upon Ag recall. Defects in this signaling pathway could lead to variable kinds of

immune deficiency diseases. The inhibitory signaling pathway is crucial for termination

of the positive signal thereby bringing the B cell proliferation under control and protects

us from cancers. When the BCRs bind with self Ags the inhibitory signaling mechanism

has to react immediately to put the brake on BCR signaling and thereby inhibit the

activation and proliferation of the autoreactive B cells. This consequently maintains the

self tolerance and inhibits the incidence of the autoimmune diseases.
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Bam32 has been found to be recruited to the membrane and phosphorylated upon BCR

stimulation (Marshall et al., 2000a). Bam32 is mainly expressed in germinal center B

cells (Marshall et al., 2000a) and one of the hallmarks of B cells in the germinal centre is

Ag uptake and presentation to T cells. Therefore, I aimed in this work to determine

whether Bam32 regulates BCR endocytosis (Chapter 2). Since the mechanism by which

Bam32 could regulate BCR endocytosis and signaling is not known, I also aimed to
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elucidate the role of Bam32 in cytoskeletal rearrangement and BCR signaling (Chapter

3). Another aim of this work is to identify the proteins with which Bam32 physically

interacts and how this can fit with our finding with the role of Bam32 in the BCR-

mediated endocytosis and BCR signaling (Chapter 4).



Role of Bam32 1n BCR-medÍated Íntern alization

Chapter 2
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2.1 Introduction

B cells distinguish themselves from the other antigen presenting cells by uptaking the

antigens in a specific manner. This occurs through specific binding of their surface Ig

with antigen. When B cells encounter an antigen, several events occur (Fig 2.1): 1) the

antigen is bound by the complementary B cell receptors, which are distributed evenly on

the cell surface and form a ring configurati on.2) BCR-antigen complex aggregates into

membrane patches in a process called patching. 3) These patches redistribute at one pole

and undergo capping to form polarized like structures membrane cap. 4) The BCR-

Antigen complex is internalized then translocate from the cell membrane to the cell

cytoplasm. 5) The endocytosed BCR-Ag complex traffics to the endolysosomes where

antigen will be processed. 6) The BCR targets its bound antigen to the class II peptide

loading compartment (MIIC), where Ag is proteolytically degraded and the resulting

peptides bind to MHC class II molecules in the MHCII. 7) Ultimately the antigen

peptides in the MHCII groove will be targeted to the B cell surface for antigen

presentation to T cells. Since Bam32 is highly expressed in B cells (Marshall et al.,

2000), and one of the hallmarks of B cells is the antigen uptake in a specific manner and

the subsequent presentation to T cells, I hypothesizedthatBam32 may play a regulating

role in one or more of these processes. Therefore our specific aim is to examine whether

or not Barß2 is involved in BCR-mediated antigen processing.
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2.2 Material and Methods

2.2.1 Generation of Bam32 plasmid fusion constitutively targeted to lipid rafts

Lipid rafts-targeted form of Bam32 was constructed by fusing the N-terminal24 amino

acids of the Src family tyrosine kinase Lyn, which contain N-terminal myristoylation

and palmitoylation sites (Rider et al., I994),to the N terminus of Bam32. The resulting

chimera was termed mem-Bam32 (for membrane Bam32). The construct was generated

as follows:

Sequence encoding the N-terminal 16 amino acids of human Lyn, which contains the

myristoylation/palmitoylation sites, was amplif,red by RT-PCR using cDNA from BJAB

cells and cloned into PcDNA3.l myclhis (Invitrogen, Burlington, ON) and pEGFp-Nl

(BD clonetech, San Jose, CA). We confirmed that this Lyn-derived sequence targets to

the plasma membrane based on the distribution of EGFP fluorescence (data not

shown). The Bam32 cDNA sequence was then inserted to the Lyn-pcDNA3.1 vector in

frame with lyn sequence. The vector with the in frame sequence was confirmed by

sequencing of DNA.
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2.2.2 Expression Constructs

Constructs encoding Bam32-enhanced green fluorescent protein (EGFP) fusion proteins

were generated by inserting sequences encoding either l-280 amino acids (full-length

Bam32), amino acids l-142 [SH2, (PH COoH-terminal truncation mutant)], or amino

acids 133-280 [PH, (SH2 NH2-terminal truncation mutant)] in frame with EGFp into

the eukaryotic expression vector pEGFP-N1 vector (Clontech) (EGFP-Bam32), (EGFp-
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SH2)' (EGFP-PH) respectively. R61K, R184C, and Y139F inactivation poinr mutants

were generated with mutant PCR primers using the splicing by overlap extension (SOE)

method and inserted into pEGFP-N1 or pcDNA3.l. All constructs were verified by

sequence analysis.

2.2.3 Transient Transfection of BJAB Cells

For transient transfection experiments, BJAB cells were washed and resuspended in

high-resistance buffer (77 mM sodium phosphate [pH 7.5]-150 mM sucrose) at2.5

xlO?cells/ml. A 400-¡,r,1 volume of cells was mixed with 5 pg of plasmid constructs with

or without inserts in a 0.4-cm gap electroporation cuvette (Bio-Rad) and incubated on

ice for 30 min. Cells were then electroporated using a Gene Pulser apparatus (Bio-Rad)

set at 340v, a 4-ms burst, l00vo modulation , 4o kHz,five bursts, and a 1-ms burst

interval. Cuvettes were incubated on ice for further 10 min, and then transferred to a

tissue culture dish containing 20 ml of complete RPMI medium containing lZo FBS and

no antibiotics and incubated overnight in a37"C,5Vo COZ incubator. Cells were then

harvested, counted, and used in the indicated assays.

2,2.4 Establish B cell lines stably expressing Bam32 constructs

Expression vectors PcDNA3.1 containing the inserts and neomycine genes were

Iinearized by restriction enzymes and 40¡-lg DNA were transfected into human B cell

lymphoma BJAB cells by electroporation (314v, l0 msec, and I pulse (BTX- ECM

830). The cells after transfection rryere grown on minimal media for 24hrs, then selected

in the RPMI 164O medium complete media with l\Vo fetal bovine serum,2 mM L-
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glutamine, penicillin (100 U/ml), and streptomycin (100 pglml) (Invitrogen, Burlington,

ON, Canada) with 3mg/ml Geneticin (G418) (Life Technologies). G418-resistant cells

were also propagated to confluence. G418-resistant cells were pooled from two

independent transfections after 3 weeks of selection. Several individual clones were

obtained by limiting dilution in 96 well plate (1 celll3 wells) then harvested and grown

in tissue culture flasks. The confluently grown cells were harvested, lysed, Ioaded on

SDS-PAGE gel and blotted against anti-myc 9F10 (SantaCruzBiotechnology, INC).

Alternatively, cells were lysed, incubated with anti-B am32monoclonal antibody tJW32

(raised in our lab) to immunoprecipitate endogenous and tagged Bam32, then blotted

against rabbit Bam32 antisera (raised in our lab). Examination of myc expression level

as well as the surface BCR has been confirmed in parallel with each experiment.

R184C (1

and LB2-1)

2.2,5 ConfocalMicroscopyAnalysis

BJAB cells were stimulated with 10 pglml goat anti-human IgM F(ab'), fragments for

the indicated time, then fixed in3.7Vo paraformaldhyde in PBS for l0 min at room

temperature. Cells were then washed in 10 volume of ice-cold PBS, fixed in 3.7 Vo

paraformaldehyde/PBS for 10 min at room temperature, washed twice in pBS, and then

mounted on slides using an aqueous mounting solution (Aqua Polymount; polysciences,

lnc.) before visualizing with confocal microscopy. For some applications,.cells were

incubated for 30 min at 37'C with or without PI3K inhibitors wortmannin (20 ng/ml;
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Calbiochem), and then treated as outlined above. Control experiment using MitoTracker

Red ( Molecular Probes (Eugene, oR)) to stain mitochondria was used.

For time lapse experiments; The transfected cells were transferred to a tube containing

10 ml of complete RPMI medium containing lVo FCS and were plated in 8-well LabTek

chambered coverglass slides (Nunc, Naperville, IL). Slides were incubated overnight in

a37oC,5Vo CO2 incubator and then directly examined with an inverted laser-scanning

confocal microscope (Olympus Fluoview, Vy'arrendale, PA).The cells were imaged at

37'C using a thermostatically controlled cell chamber (Harvard Instruments, Halliston,

MA). For each well, an EGFP-expressing cell was centered within the field and the focal

plane was set near the center of the cell. Rhodamine labeled Goat anti-human IgM

F(ab'), fragments (Jackson ImmunoResearch, West Grove, PA) were then applied to the

wells at a final concentration of 10 ¡.lglml. Time lapse movie sequences of EGFp-B am32

constructs (green) and anti-IgM (red), with image captured from 30 sec. intervals was

recorded.

For indirect intracellular staining: BJAB cells were transiently transfected as mentioned

above. Cells were stimulated for the indicated times with l0 pgml unlabeled goat anti-

human IgM. Cells were washed twice with PBS containing lTo FCS followed by fixing

with3.1 Vo paraformaldhyde for 10 min then washed twice with lx PBS and lVo bovine

serum albumin (BSA) (blocking buffer). Cells were permeabilized with pBS, l% BSA

and 0'05 Vo saponin (wash buffer) for 10 min, then intracellularly stained with mouse

monoclonal antibodies against Racl (3 ¡rglml), dynamin lr (2 pglml) or clathrin heavy



chains (5 pglml) (BD Biosciences) for 30 min, then washed in wash buffer. Cells were

incubated for 30 min with 2y"grmr Rhodamine rabered F(ab,), goat anti-mouse Ig

(Biosource international, Camarillo, CA) on ice before washing thoroughly twice with

the washing buffer used above. Cells centrifuged onto slides, followed by adding anti-

fade agent Mowiol (Calbiochem, location) before analyzing with confocal microscope.

Control experiments using only 2"d antibody, unpermeabilized cells using l.,and 2nd

antibodies and also isotype controls were used in parallel.

2.2.6 staining tipid raft marker ganglioside (GMl) with chorera toxin

BJAB cells transfected with pEGFP-Bam32werestimulated with unlabeled anti-human

IgM (10 ¡rglml) for variable time lengrhs, then washed and fixed in3.7 vo

paraformaldhyde for 10 min then washed twice with PBS/I voFCS,followed by staining

on ice for 30 min with r0 ¡rglmr Arexa 594 conjugate chorera-toxin subunit B

(Molecular Probes). For red channel (&7 excitation,T2} emission). copatching and co-

capping of EGFP-Bam32 with GMl was detected by confocal microscopy.
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2.2.7 MHCII staining

Unlabeled mouse mAb TÜ39 against human MHCII was purchased (BD pharMingen)

and labeled with Cy5 mAb labeling kit (Cyt" mAb labeling kit, Amersham pharmacia

Biotech, Chalfont Bucks, UK) according the supplier instructions. EGFp-Bam32 V/T

transiently transfected BJAB cells were stimulated with 10 pglmlof unlabeled F(ab,),

goat anti-human IgM F(ab')2 fragments (Jackson ImmunoResearch Laboratories), fixed,

permeabilized with 0.05 % saponine, and stained with Cy5-labeled mAb Tü39. Cells
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were mounted on slides coated with Poly-L-Lysine (Sigma-Aldrich) and antifading

Mowiol before monitoring with confocal microscopy. Fluorescence was imaged by laser

scanning confocal microscopy, using the 488-nm (green), 56g-nm (red), and 647-nrn

(far-red) laser lines for excitation of appropriate fluorophores. For each experiment, cells

stained with each fluorophore alone were imaged to ensure that fluorescence emission

did not bleed between channels.

Bleedthrough between red and green channels was negligible, as determined by single-

color control samples and single excitation images of dual color samples (data not

shown).

2.3 RESULTS

2.3.1 Bam32 is recruited to the plasma membrane and redistributed with BCR

complex after BCR ligation.

We first studied the distribution of Bam32 in relation to B cell receptor after BCR cross

linking. To prepare a form of Bam32 that could be visualized in intact cells, we

generated mammalian plasmid constructs encoding full length Bam32fused to the

fluorescent marker protein EGFP. This construct was transiently transfected in BJAB

human B lymphoma cells. The cells were activated by antibody cross-linking of the

endogenous BCR, which was conjugated with Rhodamine dye to allow visualization of

the surface IgM redistribution. The subcellular Iocalizations of the Bam32-BCR

complexes in fixed or in live B cells were assessed using a confocal microscope.
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Before stimulation, the Bam32 fusion generally showed a cytoplasmic and nuclear

distribution (Fig.2.2 A) similar to EGFP alone (expressed from the same vector used in

Bam32 cloning but without any insert; data not shown). After stimulation, the Bam32

fusion protein showed translocation from the cytosol to the plasma membrane within l-2

min (Fig.2.2 B)' Bam32 redistributed homogenously around the plasma membrane

forming a ring at the inner surface of the membrane paralleling the BCR- complex on

the outer surface. Both the BCR- complex and Bam32 reorganized on the cell surface

forming colocalized patches in 3 min at37"C. Within 5 min, the Bam32 fusion moved

to one pole of the cell, and clustered at one pole under the capped BCR-complex (Fig.

2.2D). Further incubation at37"C resulted in translocation of IgM from the cell surface

to inside the cells. A small fraction of the Bam32-EGFP protein colocalized with with

the internalized IgM (Fig.z.2B).

To confirm that the reorganization of EGFP-Bam32 occurred in this fashion within

individual cells, I examined changes in the localization of EGFP-B am32following BCR

cross-linking in live cells as a function of time. Cells transfected with the Bam32 fusion

were imaged at 37"C using a thermostatically controlled cell chamber. For each well, an

EGFP-expressing cell was centered within the field and the focal plane was set near the

center of the cell. Rhodamine labeled anti-human IgM F(ab')2 fragments were then

applied to the wells. Time lapse movie sequences of GFP-B am32 constructs (green) and

anti-IgM (red), with images captured every 30 sec., were recorded (Fig.2.3). The

temporal events were similar to that described above for fixed-cell preparations.
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The redistribution of the EGFP control remained unchanged following BCR aggregation

when examined at multiple time points (data not shown). These results demonstrate that

the pattern of Bam32 redistribution corresponds to that of surface immunoglobulin in a

spatio-temporal manner at each stage of antigen uptake.







2.3.2 The kinetics of redistribution of Bam32 and BCR was similar after BCR
cross-linking

To define better the relationship between antigen uptake and Bam32 redistribution, I

compared the time courses of redistribution of BCR-complex and Bam3}following

stimulation with F(ab'), anti-IgM. After transfection with Bam32-EGFp, Cells were

stimulated for the indicated times and at the end of each time point cells were washed

with ice cold PBS and fixed to stop the reaction. Cells were examined by confocal

microscopy and visually scored for ring, patching, capping, and internalization. In

resting cells, Bam32 was localized to cytoplasm and nucleus inglVo of cells. Bam32

recruited to the membrane at one minute and formed a ring on the plasma membrane

with the BCR complex in 92 Vo of the stimulated cells (Fig. 2.4), a few cells also showed

evidence of patching at this time (6.5Vo). 89 Voof cells showed patching in 3 min after

stimulation while within 5 min 85 Vo of EGFP Bam32 appeared predominantly in cell

surface caps. As shown in (Fig. 2.4), the kinetics of immunoglobulin and Bam32

redistribution was essentially identical, indicating that the movement of Bam32 and

BCR-complex are coordinated during the process of ligand-induced BCR stimulation.

These observations suggest that the anti-immunoglobulin-induced redistributions of

surface immunoglobulin and Bam32 could be regulated by a common mechanism.
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2.3.3 Bam32 colocalizes with the lipid raft marker GMl following BCR
stimulation

Several laboratories have demonstrated that the cross-linked B cell receptor specifically

localizes to ganglioside GMl-enriched lipid rafts which is required for signaling and

internalization (Fra et al., 1994; Pierce, 2002). Therefore, I examined the localization of

Bam32 with GMI on intact cells by confocal microscopy. Bam32-EGFp-transfected

BJAB cells were left untreated or treated with F(ab')2anti-IgM for variable time

periods. Cells were then fixed before staining with cholera toxin subunit B (CT-B). This

reagent binds to glycosphingolipids, with strong affinity for GM1 (Fra et a1.,1994), and,

therefore, can be used as a marker for lipid rafts (Fra et al., Igg4). Staining of BJAB

cells with Alexa594 (far red) CT-B demonstrated a relatively homogenous distribution

of GMl at the plasma membrane in early time point (1 min after stimulation) (Fig. 2.5)

similar to the distribution of Bam3Zfusion. In later time points (3 and 5 min), Bam32

was substantially concentrated in CT-B patches and caps. These results indicate that

Bam32 is preferentially localized to glycosphingolipids-rich domains GM1 with BCR.

In conclusion, recruitment of Bam32 into lipid rafts coincided with the presence of the

BCR, and thus Bam32 is likely a component of the raft-associated BCR signalosome.
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2.3.4 Role of Bam32 in BCR-mediated internalization

To study the role of Bam32 in the internalization process we generated the following

Bam32 constructs with mutations in Bam3}domains and its phosphorylation site: a) a

point mutation in PH domain (R184C) which blocks the membrane targeting of Bam32

(Marshall et al.,2000a) b) a point mutation in SH2 domain ro inhibir any specific

interaction between Bam32-SH2 and other tyrosine-phosphorylated proteins, and c) a

point mutation in tyrosine 139, the sole tyrosine-phosphorylation site for Bam3Z

(stephens et al., 2o0l; Dowler et al., 2000b). Each of these mutants was cloned

individually in EGFP-Cl plasmids and transfected transiently in BJAB cells. The cells

were left unstimulated or stimulated by F(ab')2fragment anti-IgM with time lapse

images recorded every 30 sec. As shown previously, Rl84C mutant Bam32-fails to be

recruited to the plasma membrane (Fig. 2.6). The distribution of this mutant was similar

to that of EGFP control vector before and after stimulation. Furthermore, the BCR

complex internalization was not observed in cells expressing this mutant.
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Cells expressing Y139F Bam32 showed normal membrane recruitment and aggregation

of BCR to membrane caps (Fig.2.7); however, in some cells the time required for cap

formation appears to have been prolonged compared to the WT Bam32.Interestingly,

BCR-complex aggregation was still temporally and spatially coordinated with Bam32.

These capped Bam3}-receptors persisted at the cell
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su[face and failed to internalize even after 2hrs (the time of experiment) of treatment

with F(ab')2 anti-IgM Abs. The events of membrane dynamics in cells transfected with

R61K Bam32 (SH2-mutant) were similar to those of yl39F; however, rhe BCR_

complex appears to have been intern alized,to some extent in some cells. In some cells, It

seems that the internalized R61K Bam32-BCR vesicles appeared to remain contacted to

the membrane at the site of internali zation (Fig. 2.g).

2.3.5 Generation of B cell transfectants stably expressing Bam 32 variants

To elucidate the biological role of Bam32in BCR-mediated endocytosis, we cloned

Bam32 or its mutants individually in PcDNA3.1 vector in frame with an epitope rag to

allow us to distinguish it from endogenous protein. In addition, a lyn-Bam32 fusion was

designed and transfected to study the effect of membrane targeted Bam3¡on the

internalization process (see Materials and methods). I transfected these constructs into

BJAB cells, and the transfectants were selected on the antibiotic genetecin to establish B

cell stable transfectant. Immunoblotting analysis using anti-myc mAb or/and anti-

Bam32 Abs (Marshall et al., 2000a) confirmed the expression of the fusion protein in

those transfectants (Fig.2.9). The Immunoblots demonstrate that the expression of

Y139F Bam32 in the clones used (Y139F-15 and Y139F-18) causes downregularion of

the expression of the endogenous Bam32. This suggests autonomous regulation of

Bam32 and the phosphorylation is required for this regulation. I confirmed that these

transfectants expressed normal levels of surface BCR using flow cytometry (data not

shown). To visualize the BCR internalization events in these cell lines using confocal

microscopy, I stimulated the cells with rhodamine labeled F(ab')2 anti-IgM for variable
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times' My data show that, while I found a clear internalization in the control cells, the

cells expressing R61K Bam32-, and yl39F Bam32mutants show a reduced BcR

internalization. However, BCR has been capped in these celrs (Fig. 2.r0).My confocal

study shows that BCR internalization events in these transfectants were typically similar

to that observed with the transiently transfected EGFP- tagged mutants.

I stimulated the transfectants or control cells with unlabeled F(ab')2-anti-IgM for the

indicated times and quantified the remaining BCR on the cell surface by staining with a

secondary antibody and quantifying fluorescence using flow cytometry. In cells

expressing Yl39F or R61K Bam32, the decrease in BCR fluorescence occurred was

slower compared to the wild type control (Fig.2.l l). Moreover, the quantity of BCR

internalized was less than the control cells. V/e also analyzed internalization in cells

stably expressing Rl84C Bam32-EGFP. The fluorescence intensity of the BCR in all

time points investigated remained similar to that observed in unstimulated cells (Fig.

2.12).In summary, B cells stabry or transiently expressing Bam32 mutants show

impairment in BCR internalization, suggesting that Bam3}regulates BCR

internalization after BCR cross linking.











2.3.6 overexpression of Bam32 delays BCR-complex internalization

To determine how the increased level of expressed wild type (WT)-Bam3}affects the

BCR-mediated internalization, VIT Bam32 transfectants were stimulated with

rhodamine Iabeled anti-IgM for variable times and internalization was visualized using

the confocal microscope. My confocal analysis showed a slight retardation in BCR-

complex capping and internalization in WT Bam32transfectants compared to the

parental cells (Fig. 2.13A).I further analyzed BCR internalization in these transfectants

using flow cytometry. In the control cells, the kinetics of internali zationwas fast and

reached maximum at7.5 min then stayed at stable level (Fig. 2.138). Consistent with

my confocal microscopy results, my flow cytometric studies showed that BCR

internalization in WT Bam32 transfectants appeared to be slightly delayed compared to

the control cells. By 30min, the internalization eventually reached a steady state similar

to parental cells. However, the WT Bam32 has a weaker effect on the internalization

than the mutants, suggesting that those mutated sites affect this process differently than

the v/T. Taken together, the gain and loss of function study show that the

overexpression as well as expression of Bam32 mutants in B cell lymphomas affects the

BCR-mediated membrane dynamics and the consequent internalization process.
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2.3.7 Bam32 redistribute with MHCII after BCR stimulation

Once the BCR- containing vesicles are pinched of the plasma membrane, BCR-complex

traffics rapidly to endolysosmes where antigen will be degraded and loaded into MHCII

molecules (Cheng et al., 1999). To determine whether Bam32cotraffics with BCR-

complex to these intracellular compartments that contain class II MHC protein,I labeled

anti-class II MHC mAb TÜ39 with Cy5 as staining reagent thar is compatible for use

with EGFP. BJAB cells were transiently transfected with Bam32 andstimulated with

unlabeled anti-human IgM F(ab')2 fragments. Cells were fixed, permeabilized, before

staining with Cy5-labeled mAb TÜ39. This study shows that Bam32 conrinues ro

colocalize with class II MHC protein in MHCII loading compartments (Fig.2.14) where

the degradation of the antigen and its Ioading on MHCII occur.

Control experiment has been done in parallel. I found no colocalization between Bam32

and mitochondria Fig. 2.15.
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2,4 Discussion

2.4.1 Bam32 is associated with the lipid raft-BCR complex following antigen
stimulation

My work confirms that Bam32 is recruited to the cell membrane of B cells after BCR

cross linking. Many proteins are recruited to the membrane following activation which

brings them in close contact with their activators and consequently following their

activation they will be able to activate other proteins or to perform a functional role in an

ongoing process such as pinching the endocytosed vesicles from the membrane or

aggregation of the lipid rafts or targeting to specific intracellular organelles. Btk, for

example, is recruited to the membrane through its PH domain. At the membrane the Btk

become activated by Syk kinase. The activated Btk then phosphorylates PLCy at the

membrane. This leads in to Ca2* mobilization and gene transcription in the nucleus

(Crabtree and Clipstone, 1994).I hypothesize that recruitment of Bam32 has an

analogous purpose, allowing its phosphorylation by src kinases and then its participation

in downstream signaling events.
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Since BCR translocates to lipid rafçGM1 following its stimulation, I examined the

distribution of Bam32 with GMl domains after stimulation. The topographical

distribution of Bam32 and lipid raft-GMl was similar suggesting that membrane-

localized Bam32 is associated with lipid rafts. Furthermore, Src family kinases are

associated with lipid rafts in the inner leaflet of the plasma membrane and transduce

signals to downstream proteins. Other than harboring BCR after activation and

signaling, lipid rafts are implicated in the BCR trafficking inside the cells (Cheng er al.,



1999). Therefore proteins that are colocalized in lipid rafts after BCR stimulation may

be important for either BCR-mediated antigen uptake or BCR signaling or both.

This study shows that Bam32 is temporally and spatially translocated with the BCR-

complex onto the lipid rafts, and redistributed with the BCR-complex in membrane

patches, caps, and inside the cells after BCR crosslinking. A similarity in distribution

between two proteins in a process may indicate a similarity in function or involvement

in the same process. Therefore, this result suggests a role of Bam32 in BCR-mediated

Ag processing, which is one of the hallmarks of B cells.

2.4.2 Role of Bam32 domains and phosphorylation in Bam32localization and

association with the BCR

The recruitment of proteins to the membrane can occur by several distinct mechanisms

such as their structure by having a PH domain as in Btk, dynamin or by a

posttranslational modification such as palmitoylation and myristoylation as in Lyn. This

study confirms that the recruitment of Bam32 to the membrane required its pH domain.

As predicted, the R184C Bam32 did not show any recruitment to the membrane, a

phenotype typically identical to that has been found in wortmanin-treated BJAB cells

(Marshall et aI,2000). In contrast, SH2 and phosphotyrosine (p- tyr) mutations did not

block membrane recruitment.
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2.4.3 Role of Bam32 in lateral movement of the BCR

In cells expressing R61K, and Yl39F Bam32, the PH domain targeted the entire protein

to the membrane. The translocation to the membrane was comparable to control cells.

However, the lateral movement of BCR at the membrane appears to be retarded

compared to the control cells following BCR activation. Interestingly, these Bam32

mutants appeared to move in association with the BCR-complex during the delayed

lateral assembly into membrane caps. This suggests that Y139F as well as the R61K

Bam32 had no effect on the lateral assembly of BCR into membrane caps, but do have

an effect on the kinetics of this process, which is critical for BCR internalization events.

This result also indicates that the association of Bam32 with the BCR during its lateral

movement is mainly PH-domain dependent. However, other factors are implicated to

affect the kinetics of movements more probably through Bam32-SH2 domain and

tyrosine phosphorylation site. Together, my confocal data suggest that Bam32 may be

involved in generating a force that mobilizes these complexes within the plane of lipid

bilayer. The lateral movement of surface IgM is an energy-dependent process that is

mediated by the contractile activity of the actomyosin peripheral cytoskeleton and is

inhibited by the treatment of cells with cytochalasin D, which disrupts actin

microfilaments (Brown and Song,200l). Thus, Bam32 might influence the BCR

capping by regulating aspects of the actin assembly process as suggested by my data in

the next chapter showing thatBam32 regulates F-actin levels. Recent studies have

shown that the presence or the absence of Syk and Lyn in DT4O B cells has major

effects on the dynamics of BCR aggregation and internalization (Ma et al., 2001),
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consistent with the idea that these processes are regulated at least in part by tyrosine

kinase si gnaling mechanisms.

2.4.4 Bam32 play a role in BCR-mediated endocytosis

The BCR complex internalization has been blocked in cells expressing either Y139F-

Bam32 and in cells expressing Rl84C Bam32. Furthermore, the internalized vesicles

appear to remain in contact to the inner side of the membrane in cells expressing SH2-

Bam32 mutant indicating that Bam32 is not only important for membrane events

following BCR crosslinking, but for the trafficking apparatus inside the cells also. The

separation of the internalized vesicles may require the phosphorylation of WT Bam32,

which may occur through the binding of SH2 to lyn protein, while this activation may

not be essential for the capping process. These data show that SH2-domain and tyrosine

139 phosphorylation are important for the separation of the internalized BCR coated

vesicles from the membrane and for accelerating the lateral movement at the membrane.

Since BCR internalization has been impaired in cells expressing Bam32 mutants, thus

Bam32 may be regulated by a lyn -dependent mechanism. This is in line with the finding

from several groups showing that Bam32 is phosphorylated by src kinase and

particularly by lyn (Stephens et al., 2001) (Fig. 6.1).
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Taken together, this work provides clear evidence that BCR internalization is

dramatically impaired in cells expressing R184C Bam32.Yl39 phosphorylation clearly

requires the PH domain and membrane recruitment (Niiro submitted; Stephens et al.,

2001). There is a partial internalization in cells expressing intact PH domain and P-tyr



but mutated in the SH2 domain, however, the internalized vesicles probably failed to

separate from the membrane. The function of the SH2 domain seems to be to

mechanically to separate the BCR vesicles from the membrane and to accelerate the

capping process. Another possibility is that the SH2 with the P-tyr required together to

separate the vesicles from the membrane where SH2 are required for the

phosphorylation process.

Phosphorylation of Bam32 in response to EGF or BCR stimulation is blocked by

inhibitors of Src family kinases (Dowler et al., 2000), and SH2 mutant Bam32fails to be

phosphorylated (Anderson et al., 2000), suggesting that this domain plays a role in

bringing Bam32 together with the Src family kinases that act upon Y139. Together,

these results suggest a multi-step model whereby PH domain-mediated membrane

recruitment of Bam32 facilitates SH2 domain-mediated interactions with other

membrane-proximal proteins and allowing access to Src family kinases which

phosphorylate Y139.
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TRANSFECTANT

WT Bam32

R184C

R61K

MUTATION

Y139F

Table 2. 1 Summary of the effect of Bam32 transfectants on BCR internalization

t84R->184C

61R->61K

EFFECT ON BCR
INTERNALIZATION

139R->139F

Overexpression of BCR delay
internalization
Weak patching, no capping,
no internalization
Diffuse BCR paches and caps, partial
internalization
BCRs cap but no internalization
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2.4.5 Co localization of Bam32 with MHCII: functional implications for a role in

antigen presentation

In MHCII compartments the Ag is degraded into peptides and loaded onto MHCII

molecules, then traffics to the membrane where MHCII -Ag peptides will be presented

to T cells for recognition. My data show that Bam32 continue to colocalize with MHCII

molecules after BCR stimulation and internalization in MHCII loading compartments

where the Ag processing occurs. Actin filaments have been shown to play a critical role

in delivery of Ags to late endo/lysosomes (Brown and Song,2001). Actin filaments have

been reported to be involved in the maturation of MHC class II molecules (Barois et al.,

1998). Moreover, actin filaments control the MHCII antigen presentation pathway in B

cells (Barois et al., 1998). In conclusion, my data show Bam3}colocalized with MHCII,

which implies a role of Bam32 in the antigen processing and presentation to T cells.

It has been shown that the mutation of Iga chains does not dramatically affect the BCR

internalization process (Bonnerot et al., 1995; Siemasko et al., 1998); however the

antigen captured by BCR was not delivered to the MHCII compartment indicating the

importance of the proximal signaling in this specific process. It has also been shown that

the cleavage of the antigen into peptides requires the intact BCR machinery (V/atts,

1997). So it is clearly possible that molecules proximal to the membrane can affect distal

events inside the cell. The MHCII antigen presentation is also impaired in cells

expressing mutated BCR cytoplasmic tail (Siemasko et aL.,1999).The mechanism lying

behind the efficient targeting of the BCR to this specific compartment is still not clear.

Whether Bam32 mediates a signal from the BCR to process and present the antigen
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needs to be investigated further. Another study provided evidence that Bam32 enters the

early endocytic pathway but is sorted away from cargo destined for 'deeper' entry into

the endosomal system after stimulation with PDGF agonist (Anderson et al., 2000). I

have detected a colocalization of Bam32 with transferrin (see chapter 3), which is used

as a marker for early endosomes. However, in our system, Bam32 strongly colocalizes

with MHCII indicating that Bam32 continues to co-traffics with the cargo to the

endolysomes. The reason for that may rely on the nature of the cointernalized receptors.

The BCR is distinguished from the PDGF and other surface receptors where it targets

the cargo to specific endocytic compartments (Siemasko et aI.,1999).In contrast to

other receptors, which simply target various compartments within the endocytic

pathway, the BCR generates signals that allow internalized Ag to be quickly and

efficiently delivered to an acidic late endosomal structure rich in MHC class II

(Anderson et al., 2000; Siemasko et al., 1998). These signaling capacities of the BCR

provide it with the capability to present rare and low affine antigen peptides to T cells

(Siemasko et al., 1999). It is tempting to speculate that adaptor molecules such as

Bam32 may mediate in part, this unique function of the BCR.



Role of Bam32 in cytoskeletal rearrangement and

BCR signaling

Chapter 3
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3.1 Introduction

My work in Chapter 2 has shown thatBam32participated in BCR early internalization

events at the cell membrane and regulates the internalization process. Next I examined

the mechanism by which Bam32 affects the internalization process. The mechanism of

BCR-complex internalization is still not clearly elucidated. Indeed, it is not clear

whether BCR internalization is via clathrin- or ubiquitin-mediated pathways, nor even

whether there are one or more pathways for internalization (Pierce ,2002).In general,

there are some proteins are known to be major players in the endocytic process,

including among others, clathrin, dynamin, actin and Racl. Therefore I first examined

the distribution of these proteins after BCR cross linking. I also determined whether

expression of Bam32 or mutant Bam32 could influence activation of any of these

pathways, providing an explanation for their effect on the internalization process. Lastly,

I examined the effect of Bam32 mutant proteins on down stream signaling events.

Dynamin is implicated in a variety of endocytic processes including clathrin dependant

and independent endocytosis. Actin has been shown to be critically required for the

internalization process. It has been shown that treatment of cells with cytochalasin

blocks the formation of the cap structure after IgM crosslinking of B cells (Brown and

Song, 2001). Additionally, BCR-trafficking requires functional actin filaments for both

internalization and movement to late endosomes/lysosomes (Brown and Song, 2001).

Since the effect of Bam32 mutants is similar to that result from defects in filamentous

actin formation, we hypothesized that Barrß2 affect filamentous actin formation,

therefore we examined the F-actin formation in Bam32 transfectants
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3.1 Materials and Methods:

3.1.1 Confocal Microscopy Analysis.

As in Chapter 2 (Material and methods)

3.1.2 Transferrinreceptorstaining

EGFP-Bam32 transiently transfected BJAB cells were incubated at37"C in 5Vo CO,

overnight, then washed with ice cold RPMI, lvo FBS, then split to lxl06 cells and

incubated on ice for 20 min, before adding unlabeled 10 ¡rglml goat anti-human IgM and

20 ¡;'glml Alexa 647 coniugated transferrin (Molecular probes) and then left on ice for 30

min. Cells were washed twice with ice cold RPMI ll%o FBS and incubated in 37.C and

SVo COrfor the indicated times. Cells were washed and fixed in3.7Vo paraformaldhyde

for l0 min, then washed twice with ice cold lx PBS,lVo FBS. Cells were mounted on

slides coated with poly-L-Lysine (Sigma-Aldrich) and antifading Mowiol before

monitoring with confocal microscopy. In control experiments cells were incubated with

transferrin without stimulation or vice versa.
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3.1.3 Actinpolymerization

BJAB cells expressing control vector and Bam32 transfectants were stimulated with

unlabeled goat anti-IgM (10 ¡rglml) for variable time lengths, followed by washing twice

with ice cold lx PBS containing2%o FBS, then fixed with 3.7 Vo paraformaldhyde then

permeabili zed' by washing twice in PBS containing lVo FBS and 0. I Vo Triton X and

stained with 0.1 ¡r,g/ml rhodamine-phalloidin (Molecular probes, Eugene, oreg),
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according to the manufacturers protocol. Cells were loaded on poly-L-lysine slides, then

covered by anti-fade agent Mowiol and finally analyzed by confocal microscopy at 56g-

nm excitation. For flow cytometric analysis, the same procedure described above was

followed except for using Alexa 488-conjugated phalloidin or Alexa 647-conjugated

phalloidin (Moleculare probe, Eugene, OR) and evaluation using a FACSCaliburrM flow

cytometer (BD Biosciences, Mountain View, CA).

3.1.4 B cell receptor internalization assay

BJAB cells stably expressing control vector versus Bam32WT overexpressing cells)

and Bam 32 mutants expressing cells (1x 106 cells/sample) were incubated on ice for 15

min with l0 ¡^tg/ml biotin conjugated anti-IgM (Jackson ImmunoResearch) before

washing with ice cold media and warmin g at3ToCfor the indicated time points. Cells

were washed with ice cold PBS,2voFBS, and 0.1% sodium azide (NaNr) (Fisher

Fairlawn, NJ) to stop the internalization at the assigned time point and to remove the

unbound antibody. The remained unintern alized BCR complexes were stained with

biotinylated anti-IgM (Jackson ImmunoResearch) and quantified by flow cytometry.

Mean fluorescence intensity (MFI) of phycoerythrin-streptavidin (1:200) was measured

at each time point. This value represented the noninternalized BCR. Mean fluorescence

intensity ú4oC was used to represent the total amount of cell surface BCR. MFI at all

time points were normalizedto values measured in unstimulated cells (time= 0 min)

3.1.5 Western BIot Analysis
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Unstimulated or stimulated cells (5 x 106) were lysed in 100 pl NpA lysis buffer (50

mM Tris pH7.4,150 mM Nacl, l0 mM Na4p2o7, 25 mM sodium ß-glycerophosphate,

1 mM EDTA, l%o [wtlvoll NP-40, 05% fwt/vol] sodium deoxycholat e,0.1%o [wt/vol]

sDS, I mM PMSF, 1 mM Na3voa, 10 ¡^tM E-64,1 pglml pepstatin, l0 pglml aprotinin,

10 pglml leupeptin). After incubation on ice for 20 min, cell lysates were centrifuged at

15,000 g for 15 min at 4oC. Lysates \ryere then denatured in an equal volume of 2x SDS

sample buffer, resolved by l0% or I2.SYoSDS-PAGE and electrotransfered to

polyvinylidene difluoride membranes (PVDF) membranes @io-Rad Laboratories,

Hercules, cA) in transfer buffer (25 mM Tris pH 8.0, 0.2 M glycine, 20%o methanol).

Membranes \¡/ere blocked with 5Yo nonfat dry milk, and then washed with TBST buffer

(50mM Tris, pH 8.0,0.1yo Tween 20). western blotting was performed with the

following primary Abs and indicated dilutions: anti-p-JNK (1:1,000) (Cell signaling

Technology, Beverly, MA), anti-JNKI (l pglmlxBD pharMingen), anti-myc mAb

(9E10) followed by 1:15,000 goat anti-rabbit horseradish peroxidase (HRp)-conjugated

IgG (Jackson immunoresearch,West Grove, pA) and goat I :2,000 anti-mouse HRp-

conjugated IgG (Jackson immunoresearch, w'est Grove, pA). After washing,

membrane-bound HRP-conjugated Ab was visualized with enhanced

chemiluminescence (ECL) (Amersham Life science, Buckinghamshire, u.K.).

The degree of phosphorylation of JNK was expressed as the ratio of the optical density

(using FluorchenfM IS 8800, AlphaEase FCrM Imaging system, san Leanardo, cA) of

the immunoblotted band of phosphorylated JNK to the optical density of the

immunoblotted band of total JNK. PVDF membranes were been stripped of bound
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antibodies by exposure to a solution containing (0.25M glycine, pH 2.5) for 30 minutes

at room temperature, followed by washing with TBST. Thereafter blots were reprobed

with antibodies specific for the unphosphorylated forms of JNK. JNK phosphorylation

is expressed in arbitrary units relative to the P-JNIIJNK ratio of unstimulated BJAB

cells.

3.1.6 Detection of Racl activity

To assess Racl activation, equal numbers of cells (lx 10?) were left unstimulated or

were stimulated for 3 min by 10 pglml of goat anti-human IgM F(ab')2 fragments

(Jackson ImmunoResearch Laboratories). Following cell lysing, the coprecipitation of

active Racl was carried out essentially as per the protocol given by Upstate

Biotechnology, Lake placid, NY). ultimately, beads are suspended in 40¡rl lx SDS

boiled for 5 min. 20 ¡rl of each cell lysate were loade d on l3Vo SDS gel. Western blots

was performed as mentioned above.

In parallel, 15 ¡rl of the total cell lysate were separated on SDS-PAGE gel. Blots were

probed with a Rac-1-specific mouse monoclonal antibody to quantify levels of the

activated Racl. The resulting chemiluminescence signals were quantified using a

FluoChem88O0 instrument (Alpha Innotech, An Leanardo, CA). The degree of Racl

activation was expressed as the ratio of the optical density of immunoblots of eluates

from the GST-PAK-coated beads (activated Racl precipitated from cells) to the optical

density of the immunoblotted band of total Racl. This provides an estimate of the

relative amount of GTP-bound Racl as a fraction of the total cellular Rac1. The data are

normalized to the control cells.



3.1.7 LuciferaseAssays.

Cell stably expressing Batn32 or its mutant with cells stably expressing the control

vector were transfected with an NF-AT-luciferase reporter construct ( a gift from Dr.

Koretzþ). After 18-20 hrs, cells were harvested and plated in 96-well plates at 2 x 105

cells/well. Triplicate cultures were incubated in media alone, vyith 2 or10 pglml anti-

IgM F(ab')2 fragments or 50 nM phorbol-12,13-dibutyrate (PdBu; Calbiochem) and 2.5

pM ionomycin (Sigma Aldrich). After 6 hrs, the cells were lysed where 10 pl of the

lysate were added to 50¡rl of luciferase reagent. Results are expressed as the fold

increase in luciferase activity over the respective unstimulated control and represent the

average and standard error of 4 experiments.

3.1.8 Measurement of intracellular free calcium.

The relative intracellular C** concentration rvas determined by the ratiometric method

using Fluo-4 and Fur-Red dyes (Lipp 1993: Marshall 2002). Cells were collected,

washed, and resuspended to 107 cells/ml in warm RPMI 1640 without FBS. After

incubation at37"C for l5 min,5¡rg/ml Ftuo-4/AM (its fluorescence increases by binding

to [Ca 
2*1¡ and l0 pg/ml Fura-Red/AM (its fluorescence decrease after release of [Ca

2*1¡ 
lboth dyes from Molecular Probes, Eugene, OR) were added to 5x106 cells, and the

cells were incubated for a further 30 min with resuspension afterlS min at 37'C.

The cells were centrifuged for 4 min at 4009 and resuspended in HBSS (Life

Technologies, Gaitherburg, MD) media containing lmM CaClz. Cells were analyzed for

green (FLl) and far red (FL3) fluorescence using a FACS-Calibur instrument (BD
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Immunocytochemistry Systems, Mountain View, CA), set to time-resolved acquisition

mode. The cells were stimulated after 30 sec with F(ab')2 anti-IgM (2,5, and.l0 ¡rglml)

in the presence or absence of EGTA (8 mM) for 7 min. The data were analyzed using a

FCS Assistant software to obtain the green/red fluorescence ratio over time.

3.2 RESULTS

3.2.1 Bam32 internalizes with transferrin to early endosomes

I first aimed to examine the co-localization of Bam32 with the endocytosis machinery.

To test whether Bam32 might regulate clathrin-mediated endocytosis, I investigated the

localization of Bam32 with respect to transfenin following BCR stimulation.

Transferrin is a well-established marker for early and recycling endosomes (Brachet et

al.,1999; Harder et al., l99s) and is known to be endocytosed through a clathrin

dependent mechanism (Salisbury et al., 1980). BJAB cells were transfected with Bam32

EGFP, stimulated with unlabeled F(ab')2 anti-IgM for variable time points and then

incubated with Alexa 647 - labeled transferrin, which binds with transferrin receptors, for

l5 min. Cells were fixed after stimulation and analyzed using confocal microscope.

Internalization of transferrin results in a characteristic punctuate pattern of cytoplamic

staining. Our data show a weak over-lapping of Bam32 labeled and transferrin (Fig.

3.1), which may favor for a common internalization pathway. This result suggests that

Bam32-BCR complexes may internalized through clathrin-dependent endocytosis.





3,2.2 Bam32 co-Iocalizes with components of clathrin-mediated endocytosis

Dynamin has been shown to play a functional role in orchestrating many diverse

membrane trafficking processes such as clathrin dependant and independent endocytosis

(McNiven et al., 2000b). I examined the relative distribution of Bam32 in relation to

dynamin following BCR stimulation. I found strong overlap between Bam32 and

dyanminll in membrane ruffles, and inside the cells (Fig.3.2). To exclude the possibility

of non-specific binding of the second antibody, I stained BJAB cells in parallel with the

main experiment with second antibody alone and detected no specific staining of these

structures (data not shown).

Since Bam32 has been colocalized with dynaminll and BCR at the internalized vesicles,

I hypothesized that Bam32 is involved in clathrin-mediated endocytosis.

To confirm whether or not Bam32-BCR internalized through clathrin coated vesicles

with BCR-complex, BJAB cells transfected with EGFP-Bam3Zwere stimulated with

unlabeled F(ab')2 anti-IgM then fixed, permeabilized and incubated with unlabeled

mouse anti-human clathrin heavy chain (CHC) mAb. Cells were washed and stained

with anti-mouse rhodamine Iabeled mAb before visualizing under the confocal

microscopy.
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I found that Bam32 was localized with the clathrin under the cell membrane and on the

internalized endosomes after BCR stimulation (Fig.3.2). Significantly, a substantial

fraction of transfected Bam32-GFP was associated with the CHC patches and caps in

earlier time points of BCR cross-linking. This evidence has been supported by a

biochemical study by Stoddart et aL,2002. These results suggested that Bam32 may

regulate assembly of endocytic machinery.

3.2.3 Bam32 affect F-actin reorganization

Results from our collaborators showed that Bam32 is not required for BCR-induced

phosphorylation of clathrin or recruitment of clathrin to lipid rafts (Niiro et al.,

submitted). Thus, I hypothesized thatBam32 may act down stream of clathrin to

regulate the actin-dependent detachment of the clathrin endosomes from the membrane

and/or their movement into the cell. Therefore, I examined the relationship between

Bam32 and filamentous actin formation. First I determined the distribution of Bam32

relative to F-actin. These data show strong colocalizafion of Bam32 with F- actin caps

(Fig. 3.3). Moreover, Bam32 distributed similarly with F-actin inside the cells (Fig. 3.3).

Therefore I hypothesizedthatBam32 may function by affecting F-actin assembly.

I quantified filamentous actin formation in BJAB transfectants overexpressing Bam3Z

compared to others expressing Bam32 dominant negative mutants. As positive and

negative controls I used our BJAB transfectants expressing active Racl (Vl2) or

dominant negative Racl (N17) ( Racl constructs were gift from Dr. Alan Hall), since

Racl is known to regulate actin polymerization in lymphocytes (Eden et al., 20OZ) (Fig.
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Fig.3.4 Basal filamentous actin content in BJAB transfectant
F-actin staining in unstimulated cells was determined as in the previous Figure.
Average and SD of 3 experiments
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Fig. 3.5 Bam32 oyerexpressing ceils shoril a higher F-actin
content than in control cells.
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Basal F-actin was higher in WT-Bam3? -and mem-Bam32 -expressing cells than the

control cells and slightly lower or comparable compared to the control in cells

expressing Bam32 mutants. Bam32 BJAB transfectants were stimulated with F(ab')2

anti-IgM for variable time lengths. Cells were fixed, permeabilized, and stained with

Alexa 647 phalloidin to detect cellular filamentous actin. I found that the basal F-actin

content is higher (about 35 Vo) inBam32- expressing cells than in parental BJAB cells

(Fig. 3.5). After stimulation using anti-BCR antibodies, I observed an increase in F-actin

content in cells expressing V/T-Bam32 compared to the parental cells (Fig. 3.5). In

contrast, in cells expressing R61K Bam32 or Y139F Bam32 the level of F-actin

remained virtually unchanged after BCR stimulation (Fig. 3.6). The BCR-induced F-

actin formation was abrogated in cells expressing Rl84C Bam32 (Fig. 3.7). Taken

together my results provide evidence for a functional role of Bam32 in regulating F-

actin formation.

Moreover, I examined the relative distributions of filamentous actin and Bam32 in

BJAB cells and Bam32 overexpressing cells using confocal studies. BJAB cells and WT

Bam32 expressing cells were stimulated with F(ab')2 anti-lgM for the indicated time

points then fixed, permeabilized, and stained with Rhodamine- phalloidin for F-actin. I

observed stronger F-actin staining in membrane ruffles in V/T-Bam32 expressing cells

compared to the control cells (Fig. 3.8).
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Fig.3.7 BCR-induced F-actin formation is decreased in cells expressing R184C Bam32.
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3.2.4 Bam32 regulates the Racl pathway

Since F-actin formation has been affected by Bam32 activation and the formation of F-

actin is orchestrated by the Rho family GTPase Racl, I tested the distribution of Bam32

in respect to Racl after BCR stimulation. My results show a similar distribution of

Bam32 and Racl in membrane ruffles following BCR stimulation. Furthermore, my data

show a colocalization of Bam32 with Racl not only on the cell surface (co-patching, co-

capping), but also inside the cell at longer time points of post-stimulation (Fig. 3.9).

To further elucidate the role of Bam32 in Racl-mediated BCR signaling, I examined the

effect of gain versus loss of function of Bam32 on Racl activation. To indicate whether

the Racl activation has been influenced by the gain or loss of function of Bam32,the

transfectant cells were left untreated or treated with anti-IgM for 3 min then lysed,

incubated with GST- PAK1 to pulldown active Racl, then washed and loaded on SDS-

PAGE gel and blotted against Racl antibody. I observed in wild type cells some basal

Racl-GTP activity reflecting an inherent character in this lymphoma cell line. The basal

Racl activity was slightly increased in Bam32 overexpressing cells. Upon BCR

activation, a marked increase in Racl-GTP has been found in control cells. In contrast,

active Racl following BCR crosslinking was significantly reduced in cells expressing

Y139F Batn32 or R61K Bam32. On the contrary, cells overexpressing Bam32 (8821)

have higher BCR-stimulated Racl activity compared to their parental corurterpart

(Fig.3.104). The highest level of Racl activþ was observed in cells expressing WT-

membrane-Bam32. Racl activity increasedby 49% in WT-Bam32 expressing cells and

by 62Yo inmem-Bam32 compared to control cells. The Racl activity was reduced in
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cells stably expressing R6lK Barn3Zto 4l Vo of the control cells (Fig. 3.10B). The

reduction was more drastic in cells expressing Y139F-, and Rl84C Bam32. These

results demonstrate that Barn32 regulate Racl activation and suggests that Bam32 may

regulate actin reorgantzationthrough a BCR- Racl signaling pathway. This conclusion

is supported by data from our collaborators using DT40 cells deficient in Banß2

(submitted to Journal of Immunology).
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Fig. 3.10 A Bam32 regulate Racl activity.

Cells were stimulated with anti-IgM for 3min, lysed, followed by precipitation of active Racl using PAK1-
bound beads and detection by western. After washing the immunoprecipitate was resuspended
in lammelli buffer and loaded on SDS-PAGE. Proteins were transferred to PVDF membranes and blotted
against Racl to detect the amount of active Racl. In the bottom panel, aliquots of the corresponding total cell
lysates were run to determine levels of total Racl protein in samples. 1 of 3 experiments is shown.
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3.2.5 Role of Bam32 in membrane ruffling

It has been shown that Racl plays a critical role in membrane ruffling and lamellipodia

formation (Kurokawa et al., 2004). To investigate whether the membrane ruffling is

affected by Banß2,I morphologically assessed all the Bam32 transfectants using dicroic

(DIC) imaging. Racl dominant negative Qrl17) or constitutively active (V12)

transfectants were used as negative and positive controls respectively. Consistent with

the relatively high basal Rac activity in BJAB cells, the unstimulated control cells show

a significant amount of membrane rufÍling, which is reduced by Rac Nl7 (Fig. 1l).

Moreover, Yl39F Bam32 transfectants exhibited reduced membrane ruffling compared

to the control cells, while wild-type Bam32 transfectants have normal to increased levels

of ruffling. These results suggest thatBam3Z regulates membrane ruffling by affecting

Racl activity. Membrane-targetedBam32 showed the most extensively formed ruffles,

which is comparable with V12 Racl transfectants (Fig.3.1l). In summary, my results

provide evidence that Bam32 influences membrane ruffle formation probably by

affecting Racl activity.
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Fig. 3.1t Bam32 affect ruffIe formation.
The indicated transfectants were plated in glass-bottomed dishes and imaged
on a confocal microscope equipped with DIC optics to visualize membrane
ruffles. Representative panels of cells are shown and arrows indicate areas of
pronounced membrane ruffling. Note that the control BJAB cells have some
degree of membrane ruffling, as is characteristic of these cells, but the degree
of ruffling is increased in V12 Racl or memBam32 transfectants and

decreased in Rac N17 or Y139F BanrßZ transfectants.



3.2.6 Bam32 affect JNK phosphorylation following BCR stimulation

I next tried to examine whether Yl39F Bam32 affected Racl in specific manner to

induce cytoskeletal reorganization or generally affect other pathways regulated by Racl.

It has been shown that activation of Racl is required for BCR-induced JNK activation

(Hashimoto et al., 1998; Yu et a1.,2001; Coso et al., 1995). Therefore, I next examined

JNK expression and phosphorylation in BJAB-Barrß2 stable transfectants. My results

show that BCR-induced JNK phosphorylation was slightly increased in cells expressing

WT-or membrane-Barn32 (Fig. 3.124 and B). However the JNK phosphorylation was

abolished after BCR stimulation in cells expressing Rl84C Batn32.In cells expressing

R61K Bam32 and Yl39F Bam32I observed elevated JNK phosphorylation compared to

that of the Rl84C transfectants. These results suggest that Bam32 phosphorylation is

also required for JNK activation.
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Fig. 3.12 Bam32 regulates JNK phosphorylation
following BCR stimulation. Cells were stimulated for
4 min with F(ab') anti-IgM, then lysed and blotted with
anti-phospho-JNK before strippi ng
and reprobing with anti-JNK.
A 1. WT-B am32 over-expressing cells
42. Cells expressing Bam32 mutants
(-) means no stimulation. (+)
means cells stimulated with F(ab)2 anti-IgM.
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3.2.7 Bam 32 regulate NF-AT activation through a phosphorylation and ca-
induced mechanism

Previous studies showed that Bam32 can regulate BCR-induced activation of NF-AT

dependant transcription (Marshall et al., 2000a). To determine whether this functional

activity of Bam32 is also dependent on Bam32 phosphorylation atY 139 and/or on SH2

domain function, I examined NF-AT activation in response to BCR cross-linking in our

panel of transfectants (Fig. 3.13). Membrane-targeted Bam32 appeared to have a

slightly stronger inhibitory effect on NF-AT-dependent transcription than wild-type

Bam32, suggesting that membrane recruitment is required for this inhibitory function.

However, to my surprise, I found that Y139F and R61K Bam32 inhibited NF-AT-

dependant transcription to a similar extent as wild-type Bam32. This result indicates

that Bam32 regulates NF-AT activation through a phosphorylation-independent

mechanism distinct from its function in the Racl pathway. Since NF-AT activation is

strongly dependent on rises in intracellular Ca2* (Crabtree and Olson, 2002) and BCR-

induced JNK activation is thought to be at least partially dependent on the Ca2* response

(Healy et al., 1997),I tested the BCR-induced Ca2* responses in the transfectants (Fig.

3.14). Relative increase in Caz* was compared in different cell lines. I found similar Ca2*

mobilization responses in parental and Bam32 transfectants, suggesting that the

inhibition of NF-AT and JNK responses in these cells is not due to a reduced Ca2*

response.
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Fig.3.13 Bam32 suppress BCR-induced NF-AT transcriptional activity.
BJAB cell lines stably expressing WT-Bam32 or its mutants were co-transfected with
a NF-AT -luciferase reporter construct. Triplicate cultures were incubated in media alone,

or with PdBu and ionomycin, or 2 or 10 pg/ml of F(ab')r anti-IgM. After 6hrs cells were lysed,

mixed with luciferase substrate, and luminescence was measured

using luminometer. The data represent the fold increase in luciferase activity over the unstimulated controls.

Average and and standard deviation of three experiments.
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Fig.3.14 Bam32 has no effect on Cah moblization. Cells were loaded with with Fura-
4lA}4 and Fura-Red/AM for 30min at37"C and analyzed for green(Fll) and far red
(FL3) fluorescence using a FACSCalibur instrument set to time-resolved acquisition
mode. The anti-BCR was added after 30s, and acquisition was continued for 7 min. Flow
data were analyzed using FCS Assistant software to obtain the green/red fluorescence
ratio over time. Values are normalized to the start point. Data are representative of 5
experiments.
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While we cannot rule out that Bam32 may have some function in modulating calcium

responses, it's not likely to account for the inhibition of NF-AT activation. Together our

results suggest thatBam3Z can regulate NF-AT activation through a mechanism distinct

from the Rac I /actin cytoskeleton/JNK pathway.

3.3 DISCUSSION

3.3.1 Bam32-BCR complexes are internalized by a clathrin/dynamin-mediated

mechanism

Together, our data support the hypothesis that Bam32-BCR complexes are internalized

through a clathrin/dynamin-mediated pathway. Since Bam32 does not appear to regulate

clathrin phosphorylation or localization to lipid raft, but does regulate actin

polymerization we conclude that Bam32 may function in actin/ dynamin dependent

detachment of vesicles and perhaps actin-dependent movement of vesicles after

detachment.

Dynamin has been shown to play a key role in the internalization process (Merrifield et

aI.,1999). The persistence of BCR-Bam32 endocytic vesicles contacted to the

membrane in cells expressing R61K Bam32 mutants is phenotypically similar to cells

expressing dynamin mutants (Hinshaw and Schmid, 1995). Supporting this evidence,

long necks (membrane-attached vesicles) are also observed when endocytosis is

inhibited by defective dynamin, due to impaired actin polymerization (Damke et al.,

2001). My results show a similar distribution of Bam32 with dynamin after BCR

crosslinking in membrane ruffles and lammellipodia suggesting a functional role of
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Bam32 in organization of these structures. Moreover, the colocalization of Bam32 with

dynamin around the internalized BCR-complex vesicles supports a role for Bam32 in

BCR-mediated endocytosis and shows that Bam32 is one constituent of the BCR

internalization machinery components.

A recent study reported that dynamin mediates the fission of the endocytosed vesicles

not by itself as it has been thought (Hinshaw and Schmid , 1995), but through the

reorganization of actin (Sever et al., 2000a; Merrifïeld et al., 2002). This is in line with a

previous study showing thatDyn2K44,{ mutant inhibits actin dynamics (Miletic et al.,

2003). The exact molecular mechanism lying behind this still unclear. It has been

reported that dynamin assembles around the neck of a clathrin-coated pit, from where it

ignites local actin polymerization through intermediary proteins, such as syndapin, N-

wasp, profilin, actin-binding protein-1 (Abp1) (Qualmann et al., 1999: witke et al.,

1998), and cortactin (McNiven et al., 2000a), which interact directly with actin.

Consistent with this, cells treated with the drug latrunculin A which inhibits the

polymerization of F-actin, results in arrested receptor-mediated endocytosis at the stage

of invaginated coated pits (McNiven et al., 2000a). It is possible that actin

polymerization at the neck provides the force to drive membrane fission or vesicle

detachment in a dynamin dependent mechanism (Witke et al., 1998; Qualmann et al.,

1999) and moving the coated pit away from the membrane. It is tempting to speculate

thatBam3? may play a role in BCR internalization at this detachment stage.



3.3.2 Bam32 affects actin assembly

The confocal study has shown that Bam32 is associated with filamentous actin caps and

continues to partition with F-actin inside the cells during BCR activation. My flow

cytometry data demonstrate that upon BCR cross linking BJAB cells exhibit increased

F-actin that gradually peaks during the capping process, then starts to decrease. My flow

cytometry study shows that the highest polymerized actin level was observed during the

time period corresponding to BCR clustering. This may be because the movement of

Ag- bound BCRs associated with lipid raft compartments requires high polymerized

actin. The BCR movement is obstructed by many branched glycosylated cell surface

receptors such as CD45 and galectins (e.g. Mga6) (Demetriou et al., 2001). As the

internalization starts to occur the rate of polymerized actin decreases, perhaps to allow

the invagination of the membrane during the endocytosis. The immediate vicinity of

clathrin-coated pits has been shown to have less actin fibers (Merrifield et al., 2002).

However, polymerized actin is still required, since the consequent steps including

antigen processing and presentation still need localized actin polymerization but in less

quantity compared to that in capping process.

3.3.3 Bam32-regulated actin polymerization may play a role in BCR endocytosis

Following BCR crossJinking, cellular globular actin polymerizes to filamentous actin

(Melamed et al., l99la; Melamed etal.,l991b). In B cells, newly formed actin

filaments have an indispensable role in BCR clustering (Penninger and Crabtree, 1999),

internalization (Brown and Song, 2001;Lamaze et al., l9y7), separation the BCR

vesicles from the membrane, intracellular targeting of BCR-antigen complex to the early

endosomes (Brown and Song,2001), antigen delivery from early endosomes to the late
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endosomes/lysosomes and degradation (Gaidarov et al., 1999;Engqvist-Goldstein and

Drubin, 2003),MHCII maturation, and ultimately the presentation of the antigen to T

cells (Brown and Song,200l). These processes require optimal filamentous actin

concentration, which is critical for the effectiveness and rapidity' My work provides

strong evidence that Bam32 regulates BCR-induced actin polymerization' Therefore'

this work provides evidence that Bam32 regulates BCR internalization by regulating F-

actin formation, perhaps through an indirect mechanism including Racl'

I have observed only partial internalization in cells expressing R61K Bam32' However'

in these cells BCR-clathrin coated vesicles did not appear to separate from the

membrane. This is consistent with a study showing that Bam32 -BCR vesicles were

unstable and stayed contacted to the membrane in cells expressing Bam32-SH2 mutant

following activation of PDGF receptor (Anderson et al', 2000)' In line with this' a study

using EGFP-labeled clathrin showed that the treatment of cells with low concentration

of latrunculin B (actin depolymerizing agent) did not affect endocytosis' however' the

treatment caused a dramatic increase in mobility of the plasma- membrane coated pits

without separation from the membrane (Gaidarov et al', t999)' Thus' an actin-based

framework is involved in maintenance of the structural organization of clathrin-coated

pits at the cell surface and Bam32 may modulate this framework in B cells'



3.3.4 Effect of gain of function of Bam32 on actin polymerization and BCR

internalization

My data indicate that the kinetics of BCR aggregation at the B cell surface in wild type

Bam32 overexpressing cells was slower and the internalization has been delayed but not

to the same degree as seen with the mutant Bam32.In contrast to the mutant Bam32,

VIT Bam32 transfectants contain higher (35Vo) polymerized actin than the parental cell

in the resting state. The time course of stimulation of these cells using F(ab')2 anti-IgM

show the induced levels of filamentous actin were always higher in Bam32

overexpressing cells than in the control cells. This elevation of filamentous actin content

might increase the rigidity of the membrane, which causes decrease in its dynamics of

movement and consequently the kinetics of BCR internalization. Later on, when the rate

of depolymerization increased compared to polymerization, the internalization begins to

be observed in a very fast kinetics. My confocal and flow cytometric study show that the

BCR- Bam32 complexes move with slow kinetics to one pole of the cell in this high F-

actin network. Highly concentrated F- actin in membrane-bound actin meshworks may

physically hinder the movement of BCR-complex on the cell surface and impair the

internalization process.
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Actin depolymerization seems to be a BCR-dependent mechanism also. A very recent

study has shown that negative regulators of BCR signaling such as Src Homology

proteinl (SHPI) induce actin depolymerization after BCR cross-linking (Baba et al.,

2003b). Since Bam32 phosphorylation is required for its function in increasing F-actin,

perhaps SHPI dephosphorylation of Bam32 is one mechanism for SHP1 to inhibit F-
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actin. However, this needs to be examined. It has been shown that jasplakinolide which

promotes actin polymerization blocked the internalization process; however the BCR

capping was clearly observed (Brown and Song, 2001). This is consistent with my

hypothesis that the BCR capping requires a higher amount of polymerized actin which

subsequently needs to be decreased during the internalization process. My study

indicates that there is a correlation between filamentous actin formation and Bam32

function; however both gain and loss of Bam32 function leading to positive or negative

affects on F-actin, can lead to decreased BCR internalization.

3.3.5 Potential mechanisms for regulation of actin polymerization by Bam32

There are three main mechanisms known for actin polymerization (Higgs and Pollard,

1999): (l) uncapping of barbed ends of the filaments; (2) severing of existing filaments

to create new barbed ends; and (3) de novo nucleation of actin filaments by the Arp

(actin related protein) 213 complex. In rapid reorganization of cortical actin filaments

induced in response to extracellular stimuli, WASP and WAVE family proteins play

critical roles (Kaverina et al., 2003). They bind G-actin and the Arp2l3 complex, causing

rapid actin nucleation and polymerization (Kaverina et aI.,2003). My results clearly

indicate that Bam32 regulates Racl activation. Since Racl is known to be a key

regulator of the WAVE/Arp complex, this provides one mechanism through which

Bam32 can act at the level of de novo nucleation of actin filaments. However, whether

Bam32 role is limited solely to actin polymerization or to subsequent actin-remodeling

steps such as actin bundling, branching, and depolymerization still has to be

investigated.



3.3.6 Bam32 regulate BCR-mediated Racl activation

My data show that Bam32 can stimulate Racl activation by a mechanism requiring its

SH2 domain and Y139. Whether Bam32 regulates BCR-induced Racl activation

directly or indirectly still a matter of debate. Several possibilities can be envisaged.

First, Bam32 may physically interact with and regulate Racl subcellular targeting and

activation in B cells. However, I was unable to detect a physical interaction by co-

immunoprecipiøtion despite several attempts (data not shown). It is possible that either

this interaction is very weak so it can be lost by adding the detergent or it is very

transient so I could not detect it by biochemical analysis.

Switching inactive (Rac-GDP) to active forms of Rac (Rac-GTP) is mediated by Dbl-

family Rac-guanine-nucleotide exchange factors (GEFs) including Vav, Sos, Tiaml and

SWAP-7Q (Schmidt et al., 2002). Normally, proteins that directly interact with Rac

protein (Rac GEÐ have Dbl homology domain (DH) neighbored by PH domain such as

in Vav, GEFD|&GEFD2Trio and Tiam. However, it has been reported that some

members of the CDM-family adaptor proteins such as Dock180 and Dock2, which does

not contain Dbl-homology domain but only PH domain can bind to and promote

activation of Rac proteins (Brugnera et al., 2002; Reif and Cyster, 2002).Intriguingly, a

recent study suggests that association of Dock2 and a PH-domain containing molecule

called Elmol is critical for Dock2-induced Rac activation (Sanui et al., 2003). It is thus

possible that Bam32, like Elmo1, cooperates with specific Rac-GEFs to trigger BCR-

induced Rac activation. Importantly, PI3K signaling is known to regulate Rac activation

(Reif et al., \996;Grill and Schrader, 2002) perhaps partially through influencing GEFs
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such as Vav which have PH domains (Aman et a1.,1998). However, the mechanisms of

Pl3K-dependent amplification of Racl responses are not well understood, and it is

tempting to speculate that Bam32 may play a role in linking PI3K signaling to Racl

activation. Further work is needed to substantiate such possibilities.

3.3.7 Role of Bam32 in membrane ruffling

Our data show that Bam32 is abundantly distributed in membrane ruffles. Transiently

transfected Bam32 mutant constructs have been shown to negatively affect membrane

ruffling. Similar effects were observed in PAE cells stimulated with PDGF (Anderson et

al., 2000). My data show that Bam32 may associate with triggers of membrane ruffling

such as Racl, actin and dynamin. My results show that the membrane ruffles have been

affected by loss versus gain of function of Bam32, which was comparable with cells

expressing Racl DN versus DA respectively. These results suggest that Bam32 regulates

membrane ruffling by affecting Racl activity. Since the effects of B.am32 on F-actin

levels closely paralleled Racl activation, it is likely that Racl mediates these effects on

the cytoskeleton.

3.3.8 Bam32 regulates BCR-mediated activation of c-Jun kinase (JNK)

This study shows thatBam3Z regulates BCR-mediated JNK1 activation. There are at

least l0 expressed isoforms from three JNK genes. They seem to exhibit differences in

specificity toward substrates and binding proteins (Gupta et al., 1996). JNKs have a

critical role in regulation of immune response (Bennett et al., 2003). The regulation of

JNK1 by Bam32 indicates a role in cell signaling leading to proliferation, differentiation,
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and apoptosis. A recent study provided evidence thatBam32 induces cell proliferation

and not apoptosis (Han et al., 2003). Consistent with fÏndings in chicken and mouse B

cells ( Han et al.,2OO3; Niiro et a1.,2002), my data show that Bam32 can regulate BCR-

induced activation of JNK in human lymphoma cells. It is well established that Racl

plays an important role in activation of JNK in response to activation by growth factor

and antigen receptors (Jacinto et al., 1998); thus, it is likely that Bam32 regulates JNK

activation at least partially through Racl (Fig. 6.1). Bam32 was recently reported to

associate with the HPKl and regulate its activation (Han etal.,2003), suggesting

another possible mechanism by which Bam32 may influence JNK activation. HPK1 is

related to the p2l (Cdc42lRacl)-activated kinase (PAK) and may function as a MAP4K

(Kiefer et al., 1996; Hu et al., 1996). BCR-induced activation of the MAP3K MEKK1 is

also reduced in Bam32-deficient B cells (Han et al.,2003), consistent with the

interpretation that B.am32 acts proximally to influence MAP4K activity. While it was

originally reported that HPKI does not directly bind to Racl (Andersson et al., 1996),

Racl is known to functionally cooperate with HPKI and MEKKs in activating JNK

(Hehner et al., 2000; Fanger et al., 1997; Marinari et al., 2002); thus, it is entirely

possible that Bam32 may coordinate Racl with MAP4Ks and/or MAP3Ks during BCR

signaling, resulting in enhanced JNK activation. In summary, our results identify a

functional linkage between Bam32 and Racl that can explain the effects of Bam32 on

several downstream signaling events including actin remodeling, membrane ruffling and

JNK activation.
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3.3.9 Bam32 modulates NF-AT -dependent transcriptional activation through a

calcium independent mechanism

Given that JNK1 phosphorylates NF-AT and phosphorylation leads to retention of NF-

AT in the cytoplasm, it has been shown that JNKl-deficient mice show a dramatic

increase in NFATc in the nucleus (Dong et al., 1998). Furthermore, increased cytokine

production and the proliferation have been observed in T cells deficient of JNK because

of accumulation of NF-AT in the nucleus (Monison and Davis, 2003). Moreover, a

recent study has found that JNK-mediated NF-AT phosphorylation inhibits calcineurin

phosphatase targeting to NFATc, thereby opposing NFATc nuclear translocation. On the

contrary, overexpression of JNKl or its effector, JIP-1 (Dickens et al., 1997; Whitmarsh

et al., 1998) causes profound inhibition of NF-AT. Based on this, one possibility is that

Bam32may terminate the immune response by suppressing NF-AT -transcriptional

activity through a JNK- dependent mechanism, since the overexpression of Bam32

predominantly enhanced JNK phosphorylation. If this interpretation is entirely correct

then expression of Bam32 should have increased rather than decreased the NF-AT

activity. Therefore the interpretation of this result is that Bam32 may also affect NF-AT

in a JNK-independent manner.

In summary, my results indicate that Bam32 regulates actin polymerization through

Racl and regulates NF-AT activation through a calcium-independent mechanism which

remains to be defined. Given that Racl regulate a diverse array of cellular events,

including cell differentiation, cell growth, cytoskeletal reorganization and the activation

of protein kinases, and NF-AT regulates cytokine production, our data indicate that

Bam3?plays a critical role in B cell immune response.



Bam32 plays a critical role in B cell immune response.
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Chapter 4 Bam32 interaction partners
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4.1 Introduction

Protein interactions play pivotal roles in various aspects of the structural and functional

organization of the cell, and their elucidation sheds light on the molecular mechanisms

of biological processes. Proteins are directed to the correct compartments of cells by

binding to other proteins. Protein binds to protein receptors on the outer surface of cell

membranes to send signals between cells and/or signals inside the cell to react upon

stimulus. The translation of the signals coming from outside by the cell is variable

according to the stimulus. Interpretation of a signal induced by binding of pathogen to

cell receptor is different from that induced by binding to self-antigen. In the first case

cells proliferate and differentiate to eliminate the pathogen. In the second case the output

of the self-antigen binding is apoptosis or anergy to inhibit the undesired consequences.

Protein interactions can be weak and extremely short-lived ("non-obligate") or strong

and permanent (i.e. "stable"). For example, an enzyme might bind a protein substrate in

order to phosphorylate it and then dissociate after less than a microsecond. Other protein

complexes such as the triple-helix of collagen may reside in bones and other tissues for

weeks or even years without dissociation.
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There are many ways to detect protein interactions. For example using yeast two-hybrid

system method by using the protein of interest as bait and a library of potential

interaction partners as a prey and the interacting proteins will be selected on a selection

medium (Park and Yun, Z}Ol;Serebriiskii et aI.,2001). However, in this method, it is

difficult to detect interactions that require tyrosine-phosphorylation because of the

absence of PTKs in yeast.



Another method is to use co-immunoprecipitation techniques in which a target protein

such as Bam32 can be pulled down either by using mAb against Bam32 or by epitope-

tagging of Bam32 and co-immunoprecipitation with Abs that recognize the tag (fang et

al.,1999). By immunoprecipitation of Bam32, the interacting proteins may be co-

immunoprecipitated with Bam32 and can be detected by staining (coomassie blue or

silver) and identified by various methods. Another way to find interaction partners is to

fuse the coding sequence of a gene of interest with an affÏnity tag such as with GST' The

fusion protein can be expressed in E. coli (BL-?I) followed by purifying the protein

fusion using glutathione beads. The fusion protein can be added to the mammalian cell

lysates to pulldown the interaction partners (fang et al., 1999).

A new method has been evolved to detect interaction partners in vivo by using the

fluorescence resonance energy transfer (FRET) technique (Niethammer et al., 200/-).

FRET is a technique for measuring interactions between two proteins in vivo (Sekar and

periasamy., 2003). In this technique, two different fluorescent molecules are genetically

fused with the two proteins of interest. The energy is transferred from an excited

molecular fluorophore (the donor) to another fluorophore (the acceptor). The donor and

acceptor must be in close proximity (10-100Angestrom) for the FRET to occur (Clegg

ree6).
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Using these FRET and coimmunoprecipitation/immunoblot methods are useful when

we can guess the identity of interacting candidates in advance, but in many cases these
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methods are not useful when the interaction partners are hard to predict. In these cases

using other methods such as mass spectrometry can be used. In this technique the

proteins can be immunoprecipitated and resolved in SDS-PAGE gel then the identity of

the interaction partners can be obtained from its spectra analyzed by mass spectrometry.

The interaction partner of Bam32 remained elusive after many trials by other

Iaboratories using the Yeast two Hybrid system and immnoprecipitation-western blot

methods (personal communication). Therefore I aimed to use the immunoprecipitation-

mass spectrometry MALDI-TOF to identify the proteins interacting with Bam32.

4.2 Material and Methods

4.2.1 Immunoprecipitation

Parental BJAB cells and Batn32 transfectants were cultured under normal culture

condition in RPMI 1640 l0% FBS in penicillin and streptomycin antibiotics.

4 x 107 of the control cells as well as myc tagged Bam32 stably expressing cells were

left unstimulated or stimulated for variable times with F(ab')2 anti-lgM. The stimulation

was stopped at specific times by adding ice cold PBS to the cells before centrifuging for

3 min at 7009. This washing step was repeated twice before lysis with l7o NP40lysis

buffer (17o NP40, NaCl 150 mM, Tris HCI pH 7.8, 300mM) at 4oC, for 30 min rocking.

Insoluble material was removed by spinning at4"C for l5 min at 14,0009. The

supernatant was precleared by adding 50¡rl protein G sepharose beads followed by

rocking for thr at 4 "C and then centrifugin g at 4"C at 15,0009 for 10min. The

supernatant was transferred to Eppendorf tubes followed by adding 4¡t"glml of anti-myc

antibodies (9E10) or isotype control antibody (IgGl) then rocked for two hours at 4 oC.
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The protein G plus sepharose beads were added (50¡"rl slurry) for 30 min at 4'C. The

immunoprecipitate was separated by spinning for 15 min at 15,0009, washed thrice with

1% NP40 buffer followed by twice washing with PBS. The beads were resuspended in

40pl of SDS loading buffer, followed by boiling for 5 min in water bath, centrifuged for

6 min at 11,000 g. Alternatively, the beads were incubated with anti-myc peptides and

the rest of treatments as a bove mentioned. The protein samples were separated on l}Vo

polyacrylamide gel. After running, the gel was stained with coomassie blue solution

(4OVo EíOH, IÙVo acetic acid,O,t%o coomassie blue) for lhr. Gels were destained with

40VoEtOHl lOVo acetic acid. The specific bands found in the Bam32lane, which were

absent from the isotype control and negative control lanes were excised. The bands were

incubated in 100¡rl of IVo acetic acid and kept at -20'C until analysis using mass

spectrometry.

4,2.2 "In gel" digestion of proteins, peptide extraction, and mass spectrometry

analysis

Gel bands were washed with ammonium bicarbonate, and spun. Gel specimens were

destained with 50 mM ammonium bicarbonatel1}%o (vol/vol) acetonitrile (Coomassie-

stained gels) followed by brief vortexing. The gel was shrunk in acetonitrile followed by

rehydrating in 100mM ammonium bicarbonate after spinning followed by adding equal

vol of 500/o acetonitrile in 50 mM ammonium bicarbonate before drying the gel. Samples

were reduced with 10 mM dithiothreitol (DTT) in 100 mM ammonium bicarbonate for

60 min at 56 "C in dark, alkylated with 50 mM iodoacetamide in the same buffer for 45

min at room temperature in the dark. Extra dithiothreitol and iodoacetamide were

removed by shrinking, swelling and washing for three times as in step 2-3. Gels were
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vaccum-dried. Samples were subjected to in situ digestion with 6 ngl¡itrypsin

(Calbiochem San Diego, CA) in trypsin digestion buffer (50 mM ammonium

bicarbonate, 1 mM calcium chloride, 10 ngll- bovine pancreatic trypsin for overnight at

37 oc.The tubes were briefly centrifuged to collect the tryptic peptide fragments. The

resulting peptides were extacted with several cycles of l% (vol/vol) formic acidl 2Yo

(voVvol) acetonitile. Supernatant are vacuum dried. Samples were acidified to a final

concentration of 0.01% trifluoroacetic acid. For MALDI-TOF analysis individual

digests were mixed l:1 with matrix solution (2,5-dihydroxybenzoic acid

(Sigma-Aldrich) (160 mg/ml in 50% acetonitrile), deposited on the target, and air-dried

and analyzed by MALDI-Q8TOF. Data processing was performed with m/z and sonar

MS/lvfS (Genomic Solutions) software to identiff the proteins of interest

(y¡vw.hpl.proteomics.ca). The mammalian subset of the NCBI nonredundant database

was searched.

4.2.3 GST preparation and pull'doriln assays

To further confirm that Bam 32 physically interacts with non-muscle myosin heavy

chain II (NMMHCII), we generated a plasmid fusion of Bam32 in frame with GST gene

in pGEX5x-2 vector. These constructs were transformed in BL-ZI E.coli and grown in

bacterial culture medium LB (50m1) at37'C at OD of 0.6. The bacteria were induced to

express the fusion protein by adding 0.2mM of IPTG. After 4hrs of induction, the

culture was harvested by centrifugation at 60009 for 10 min, followed by lysis using

pBSl l%oTriton X100/ O.OSVo protease cocktail inhibitor (Sigma Aldrich). Samples

were then sonicated 5x on ice,7 sec each time and incubated on ice in between. The

lysate was spun for 30 min in 6,0009 at4"C and the GST-Bam32 fusion protein was
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separated by pulling down using glutathione sepharose beads. The entire mixture was

rotated for thr at4"C. The beads-GST-Bam32 fusion was precipitated by spinning at

4009 for 5 min and removing the supernatant. The pellet was further purified from the

undesired unbound proteins by washing 3x with lysis buffer. The Bam32-GST was

eluted from the beads by adding the glutathione elution buffer. The eluted Bam32-GST

was dialyzed against PBS for 24hrs at4"C. The expression of the protein was confirmed

by coomassie staining of the gel and further confirming by transfer to PVDF membrane

and blotting with anti-Bam32 antibodies.

4.2.4 Pull Down of NMMHCII using Bam32-GST

To recover Bam32 interaction partners we incubated Bam32-GST or GST alone with

glutathione beads. The unbound Bam32-GST was washed out. The beads-boundBam32

(5pg) were added to the precleared human B cell lysate (4 xlrÚ cells) followed by

incubation for thr to allow Bam32 to interact with its partners. The proteins were

resolved by SDS-PAGE (l}Vo), then transferred to PVDF membrane and blotted with

anti-NMMHCII antibodies (Covance, Berkele, CA).

4.3 Results

My results presented in Chapter 2 and 3 have shown that Bam32 plays a crucial role in

BCR internalization and signaling. However, the direct mechanism through which

Bam32 might regulate these processes is not understood. To analyze the mechanism by

which Bam32 might affects B cell function, I looked for the interaction partners of

Bam32 following BCR stimulation.



To establish a system for finding the interacting proteins with Bam32I used the

following steps:

l. Immunoprecipitate Bam32 with its interacting proteins using BCR-stimulated

cells expressing epitope-tagged Bam32

2. Identify the interacting proteins using mass spectrometry (MALDI -TOÐ.

3. Confirm the interaction between Bam32 and the potential proteins identified by

mass spectrometry using different methods as Co-Immunoprecipitation using

anti -Bam32 antibodies or pulldown interactionpartners using GST-Bam32.

4.3.1 Coimmunoprecipitataion of Bam32 and its associated proteins

I used stable BJAB transfectants expressing WT Bam32 coding sequence fused with

both myc and His epitope tags to immunopreciptate Bam32 interaction partners using

antibody binding the myc tag. BJAB cells expressing empty vector were used to perform

control immunoprecipitations with the same antibody. To establish a technique to allow

specific co-immunoprecipitation of Bam 32 and its associated proteins in a detectable

amount,I optimized the immunoprecipitation technique as following:

1. PrecipitatingAntibodies

I used different antibodies to find which has the highest affinity and can pulldown

the highest quantity of Bam32, which consequently will increase the probability of

finding interaction partners. I used anti-myc tag, anti-his tag, and mAb against

Bam32 UW32 (Marshall et a1.,2000a).
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Fig. 4. 1 Immunoprecipitation of epitope-tagged Bam32 using different
antibodies
Optimizing the condition in order to obtain high quantity of Bam32- associated

proteins. Different antibodies were used to determine which will provides the
highest yield of Bam32.Bam32 was expressed with his and myc tags and we
used anti-his, anti-myc and anti-Bam32 mAb (UV/32) for the
immunoprecipitation. Rabbit anti-Bam32 used as blotting antibodies. The anti-
myc Abs immunoprecitpitate the highest amount of Bam32. Anti-his and ant-
myc from santa cruz and rJw323 and anti-rabbit are produced in our lab.
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The immunoprecipitation- immunoblots show that the anti-myc antibody precipitates

the highest quantity of Bam32 (Fig. a.1). Therefore I used the anti-myc in my further

immunprecipitations reaction.

2. Using myc peptide to elute Bam32 and its associated proteins

To eliminate (or at least to minimize) any source of contamination, especially the

non specifically bound proteins with the sepharose beads, I first used myc peptides

to elute the Bam32 complexes from the anti-myc antibody. These peptides have very

high affinity for the anti-myc Ab and so can theoretically compete with the already

bound myc-Bam32 fusions. By adding a molar excess of the peptide, the myc-

Bam32 fusions with their associated proteins can be released into the supernatant,

leaving the antibody attached to the beads with its unspecific bound proteins. After

centrifugation, the supernatant should then contain only Bam32 and its interactions

partners. Laemmeli buffer is added to this supernatant followed by boiling and

loading on SDS-PAGE gel. The beads with the bound antibody after the elution step

have been resuspended in Laemmeli buffer and run in parallel to determine how

much Bam32 is left noneluted.

My results show that a significant amount of Bam32 has been eluted by using the

myc peptides in MES buffer (Fig. a.Ð. \ffe also observed the absence of the light

chain band of the immunoprecipitating Ab, however, the heavy chain band still

recognizable but much less than what is left on the beads after peptide treatment.
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Fig.4.2 Partial elution of Bam32 using myc peptides.
Bam32 is immunoprecipitated by anti-myc antibodies. Myc peptides is used in different elution buffers
to elute Bam32 complexes from the anti-myc antibody. Laemmeli buffer is added to this supernatant
followed by boiling and loading on SDS-PAGE gel. The beads with the bound antibody after the elution
step have been resuspended in Laemmeli buffer and run in parallel to determine how much Bam32 is left
noneluted. Membrane is blotted using anti-myc antibody.
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On the other hand we were still able to detect a substantial amount of Bam32 not eluted

from the beads-bound anti-myc (Fig. a.Ð. This indicates that under the condition used,

the myc peptide is not efficient enough to elute the entire myc-Bam32 from the

antibody. Therefore I further optimized the conditions of elution aiming to create an

environment for the myc-peptides to be more efficient in elution of Bam32. I used

variable concentrations of various elution buffers and variable time lengths of elution

under different elution temperature in favor of elution as much as possible of Bam32 and

its associated proteins (Fig. 4.2 and 4.3). My results show that the best results by using

2.0 Wgof myc peptides with a mixture of 0.2M MES than TBS buffers and at 33'C for

20 min produce the most efficient elution (Fig. a.3). However, I was unable to

consistently obtain efficient elution of Bam32 even using the same optimized conditions.

On the other hand, I was still observing the heavy chain band of the antibody used in the

eluted immunoprecipitation indicating for elution of some contaminants. Therefore we

decided to use the conventional immunoprecipitation method using boiling in Laemelli

buffer to remove proteins from the beads and to rely on the negative control to

determine the potential specific proteins bound to Bam32.
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Fig. 4.3 Elution of Bam32 from the beads-bound Abs by myc peptide method
Cells were lysed and immunoprecipitated using anti-myc mAbs then treated by adding the myc peptides
in variable concentrations to elute Bam32 and its associated proteins from the beads-bound anti-myc.

The supernatant has been separated from beads . Laemmeli buffer is added to both of them before
boiling and resolving on SDS-PAGE. The protein transferred to PVDF membrane and blotted with

anti-Bam32 to determine the amount of Bam32 precipitated.
Heavy chain and light chain bands are from the primary antibodies
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4.3.2 Massspectrometry

BJAB cells expressing taggedBam32 in parallel with cells expressing empty vector

(used as control) were stimulated for 5 min with F(ab)2 anti-IgM and lysed then

incubated with anti-myc antibody. The co-immunoprecipitate was separated on SDS-

PAGE. The resolved protein bands were stained with comassie blue. I have observed

potential bands in the Bam32lane, which are not seen in the control lane (Fig.4.4).

These bands were excised, digested with trypsin and analyzed by mass spectrometry

MALDI-TOF. The identity of the protein was determined by computer analysis of the

spectraofMALDI-ToFusingthe@.(Tablelshowstheidentity

of proteins found in Bam32lane. Some proteins such as non-muscle Myosin heavy

chain II (NMMHCII) (Fig 4.7), NF-AT (Fig. a.S) and Bap37 have been identified in

Bam32lane (fable 1 and Fig. 4.4) and these were considered to be potential interaction

partners. Whetherthe association of these proteins with Bam32 is spatially lirnitecl still
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to8ether with Bam32 at the same or at different time points. since these proteins have

however the cells were stimulated for 5 min.

I also identified some proteins such as keratins, heat shock proteins that are considered

as contamination. Contaminating proteins such as human skin-derived keratin during the

preparation of samples occur very frequently. V/e were canying out Trypsin as a control

(Fig. 4.5). Bam32 band was also cut and analyzed to ensure its presence in Bam32lane

(Fig. a.6).
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Fig.4.4 SDS-PAGE gel stained with coomassie to visualize the
bands of proteins immunoprecipitated with Bam32.
The bands are cut, digested with trypsin before analyzing with
MALDI-TOF.
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Trypsin Control Spectrum 145
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Fig. 4.5. Trypsin spectra used as a control



Fig. 4.6 Bam32 spectra detected as a control to ensure that
Bam32 is immunoprecipitated
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4.3.3 Confirming interactions of proteins identified by MALDI-TOF method

4.3.3.1 Coimmunoprecipitation using myc tagged Bam32

I further examined whether myosin is an interaction partner of Bam32 using

immunoprecitation-immunoblot technique. I pulled down Bam32 with its potential

interaction partners using anti-myc for Bam32-myc tag. The proteins were resolved

on SDS-PAGE, blotted against NMMHCII using anti-human myosin II antibodies.

My results show immunoprecipitation of NMMHCII with Bam3}in unstimulated or

BCR-stimulared cells (Fig. a.9).

4.3.3.2 Co-immunoprecipitation of myosin using GST-Bam32

To further confirm that Bam 32 physically interacts with NMMHCII, I prepared Bam32-

GST protein for pulldown assays (Fig. a.10). I stimulated BJAB cells or VIT-Bam32

stably expressing cells with anti-BCR for 5min and lysed the cells. The lysates were

precleared twice with glutathione beads. The GST-B am32 or GST alone as a control was

added to these lysates and loaded on SDS-PAGE. The separated proteins were

transferred to PVDF membranes and blotted against NMMHCII using rabbit antihuman-

NMMHCII. NMMHCII was clearly detectable in Bam32 co-precipitates (Fig. l l). I was

unable to see this band in the control lane using GST instead of Bam32-GST. These

results clearly indicate tbatBam32 physically interacts with NMMHCII.
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Fig. 4.9 Co-immunoprecipitation of myosin II with Bam32.

V/T Bam32- myc expressing cells and control cells were left untreated or treated with F(ab')2 anti IgM
for 5 min. Cells were lysed, Bam32-myc tagged was immunoprecipitated with anti-myc then-loaded on
SDS-PAGE and blotted with anti-myosin II. These data are represntative of 3 experiments.
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Fig. 4.10 Expression of GST-Bam32 in E.coli (BL-ZL)

BL-21were grown at3'7"C, GST-Bam2 gene expression was induced using 0.2mM IPTG, before
lysing and immunoprecipitation of GST-Bam32 from bacterial lysate using glutathione. The GST-
Bam32 bound beads were loaded on SDS-PAGE. The protein was transferred to PVDF membrane
and blotted using anti-Bam32 antibodies.

4 hrs
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4.4 Discussion

The proteomic approach guided me to some potential interactions partners. Using co-

immunoprecipitation technique coupled to mass spectrometry MALDI-TOF, I was able

to find some potential interaction partners of Bam32 which are B cell associated protein

(Bap37), Non muscle Myosin II heavy chain A (NMMHCII A), and Nuclear factor of

activated T cells (NF-AT). We have found two isoforms of NF-AT. A 95 KDa and a 43

Kda proteins . A study has shown that these two isoforms can from heteroduplex which

binds with DNA (Corthesy et al1994;Kao et al 1994).These proteins are detected in

Jurkat cells, howver, their role still has to be investigated (Langland et al 1999). My

work show for the first time that these protein are also expressed in B cells and they are

potential interaction partners of Bam32. Contamination is a very big challenge in finding

real interaction partner using this technique. Contamination with cytoskeletal proteins

such as keratin and house keeping genes such as heat shock protein (hsp) are very

common contamination in this technique. Therefore, an essential step in this method is

to make sure to avoid any possible contaminations. For this reason, after finding bands

in Bam32lane and identifying them by mass spectrometry, other methods were required

to better distinguish interaction partners from contaminating proteins.
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Myosin II

C,Sc os'odP

Fig.4.11 Immunoprecipitation of myosin II from human B cells using GST-Bam32 from
Bam32 overexpressing cells.

Cells were stimulated, lysed and precleared before incubation with beads-bound GST-Bam32 or
beads-bound GST alone. After washing the beads and boiling, the protein was resolved in SDS-
PAGE. The proteins was transferred to PVDF membranes and blotted with anti-myosin-Il.
Specific band of 2TlkDa appear in the precipitates by GST-Bam32 but not in those of GST alone.

These data are representative of 3 experiments.
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Fig.4,l2 Immunoprecipitation of myosin II from human B cells using GST-Bam32 from
BJAB cells

Cells were stimulated, lysed and precleared before incubation with beads-bound GST-Bam32 or
beads-bound GST alone. After washing the beads and boiling, the protein was resolved in SDS-
PAGE. The proteins was transfened to PVDF membranes and blotted with anti-myosin-Il.
Specific band of 227kDa appear in the precipitates by GST-Bam32 but nor in those of GST alone.

M. Marker.



4.4.1 confïrming NMMHC-IIA as an interacting protein with Bam32

The interaction between Bam32 and NMMHCIIA was confirmed using both

immunoblot and GST pulldown methods. Thus NMMHC-IIA was identified as an

interaction partner with Bam32, however the functional significance of this interaction

remains to be determined.

One possibility is that Bam32-myosin interaction may play a role in cytoskeletal

functions. The internalization study in Chapter 2 has shown that cells expressing Bam32

mutants have deficiency in lateral mobilization of BCR at the cell surface following its

activation. It has been shown that actin- myosinll interaction is required for myosin-

driven lateral movements of membrane proteins (wulfTng and Davis, l99g).

Mutation in myosin IIA has been linked to some pathological effects such as May-

Hegglin anomaly/Sebastian and Fechtner syndromes resulted in impairment in its

enzymatic function with consequent leukocytes disorders (Kunishima et al., 2001).

Association of the NMMHC-IIA with the C terminus of the chemokine receptor CXCR4

in T lymphocytes at the leading edge of migrating T lymphocytes has been documented

(Rey et a1.,2002).

r55

Myosins constitute a large superfamily of actin-dependent molecular motors. It has been

shown that myosin directly interacts with actin (Chen et al., 2003;Stull et al., l99g). It

has been shown that the level of myosin phosphorylation is high at membrane ruffles

(Matsumura et al., 1998). Previous work has shown that inhibition of the myosin motors



with butanedione monoxime (BDM) (cramer and Mitchison, 1995) at high

concentrations, reduce the diameter of the T cell-B cell interface, weakens the calcium

signal, impair the redistribution of ICAM-1 to the T cell-B cell interface (Wulfing and

Davis, 1998), and block the lateral mobilization of membrane dynamics. Therefore, T

cell-APC interaction has been impaired by inhibition of myosin motor proteins (Wulfing

and Davis, 1998).

4.4.2 NF-AT as a potential partner of Bam32

Finding NF-AT as a potential partner is very encouraging to confirm this interaction. In

Chaper 3,Bam32 was found regulate BCR- induced NF-AT activation. The effect of

Bam32 on NF-AT was not dependent on Ca2* mobilization. Interestingly, the effect of

Bam32 downregulation of BCR-mediated NF-AT transcriptional activity was distinct

from Bam32 function to upregulate Racl activation, JNK phosphorylation and F-actin

formation. If Bam32 is confirmed to bind to NF-AT, this may be a mechanism for

preventing NF-AT translocation to the nucleus. This effect may be required to terminate

an immune response after B cell activation or to inhibit an undesired one such as

autoimmune diseases. Studies from our lab demonstrate that SHIP affects membrane

recruitment of Bam32 (Krahn et al., 2004). SHIP has been found to play a significant

role in inhibiting such autoimmune insults (Coggeshall et al., 2002).It is very

encouraging to discover this signaling pathway.

t56
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4.4.3 B cell associated proteins @ap37) as a potential partner of Bam32

Bap37 belongs to a protein family, which has been shown to be required for lipid rafts

assembly at the cellular level. some members of this family are found to be

constitutively present in the lipid rafts (Rajendran et al., 2003).These proteins were

found to share the newly discovered SPFFI (stomatatin, prohibitins, flotillins, and

HFLIíC) domain (Tavernarakis et al., 1999).This domain seems to be involved in the

modulation of protease activity after infection by pathogens and in the regulation of

membrane-associated protein degradation in eukaryotes (favernarakis et al., lggg).

Therefore, consistent with the internalization study (chapter 2), which provides

evidence for the role of Bam32 in Ag processing, it is tempting to speculate for a role of

Bam32 in the degradation of Ags. Members from this family have been shown to

participate in signaling events and cyoskeletal reorganization (Kimura et al., 2001).

Therefore it is significant to confirm this interaction.



Chapter 5

Calyculin A rnhibits Expression of CDSa but not CD4 in Human

Peripheral Blood T Celts
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5.1 Abstract

The CD8 glycoprotein serves as a coreceptor for T cell receptor (TCR)-mediated

recognition of peptides associated to MHC class 1. In CDSc¿ deficiency, MHC class-I

restricted cytotoxic T lymphocytes (CTL) are absent and lineage commitment to CD8

cells is impaired. We described a pharmacological approach to reduce the amount of

CD8 surface glycoproteins on human peripheral blood T cells. Using calyculin A, a

potent inhibitor of protein phosphatases, we were able to down regulate both CDSa

protein and mRNA. Reduction of CDSa surface expression was dose- and time-

dependent. The effect was specific to CDSa in that CD4 expression was not affected and

specific for calyculin A. Okadaic acid, another phosphatase inhibitor did not show any

influence on the expression of CD4 or CD8.

5.2 Introduction

CD8 is a T cell surface glycoprotein that participates in recognition of peptide/lvlHC

class-I molecules by binding to their alpha 3 domain (Salter et al., 1990) and is

expressed either as a disulfide-bonded cra homodimer or a disulfide crB heterodimer

(Sander et al., l99I:-Zhanget al., 1998b). Mice that carry adisrupted CDSa gene fail to

express the heterodimer and lack mature CTL (Hostert et al., 1997b). The major role for

CD8*T cells is the elimination of viruses and bacteria multiplying in the cytoplasm of

infected cells. Once inside cells, these pathogens are not accessible to antibodies and can

be eliminated only by destruction or modification of the infected cells on which they

depend. CD8+ T cells are involved in antitumor immunity and produce specific

cytokines regulating immune responses. CD8 T cells appear to be responsible in a
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variety of pathological mechanisms too. They might be involved in the development of

leprosy in its lepromatous rather than its tuberculoid form. Patients with less destructive

tuberculoid leprosy mount a THI response and activate macrophages clearing the body

of leprosy bacilli. Patients with lepromatous leprosy have CD8 T cells that suppress the

T¡11 response by making IL-I0 and TGF-B (Sieling et al., 1gg3). Particularly in tissue

transplantation, CD8 cells are responsible for destroying grafted tissue (Douillard et al.,

1999; Stauss, 1999). Elimination of CD8 cells or cDg on T cells might be a way to

overcome such problems.

Here we report that CDSc expression, but not CD4, in human peripheral blood T cells

involves protein dephosphorylation which can be inhibited by the phosphatase

inhibitor calyculin A. Both protein and mRNA content are reduced upon treatment with

calyculin A in a dose- and time-dependent manner. Okadaic acid, another potent

inhibitor of phosphatases did not influence the surface expression of CD4 or CD8 on

peripheral blood T cells. Our results are indicative for a new phosphatase-dependent

mechanism of CDSa expression. Development of specific inhibitors for this pathway

may help to reduce pathomechanisms related to CD8 T cells by reducing selectively the

CD8 molecule while CD4 remains unaffected.

5.3 Materials and Methods

5.3.1 Preparation of cells

Human peripheral blood mononuclear cells (PBMC) were isolated from bufff coats of

healthy blood donors by Ficoll-Isopaque (Pharrnacia, Uppsala, Sweden) density gradient

centrifugation. Subsequently the cells were washed twice with PBS and resuspended in
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RPMI- I 640-Medium (Gibco, Eggenstein, Germany), containing |T%FBS (Gibco),

100u/mi penicillin and 50U/ml streptomycin and seeded at a concentration of 2x106 in

24-well tissue culture plate. Cells were incubated for 6, 12 and.24 h with various

concentrations of calyculin A. Calyculin A (Sigma) was dissolved in 2.5 ml DMSO at a

stock concentration of l0 plvf/ptl. Control cells were kept at DMSO concentration

equivalent to the highest concentration applied with calyculin A. Okadaic acid (Sigma)

was solubilized in HzO and used at concentrations between 2 nM and 500 nM for the

cell culture experiments.

5.3.2 FIow cytometry, antibodies

2-3 x l}s cells were used for flow cytometric analysis. Cells were incubated with

monoclonal antibod- ies for 30 min at 4"C,washed twice with staining buffer

(Phosphate -buffered saline (PBS), 2yoFCS,0.02%NaN3) and resuspended in 200 pl

staining buffer containing propidium iodid. Stained cells were analyzedusing a

FACScan and the Cell Quest program (Becton-Dickinson, Heidelberg, Germany). Cells

were gated positively for lymphocytes and negatively to exclude dead cells using

propidium iodide. Staining was done in 96-well-plates and cells were acquired directly

from the 96-well- plates using our newly constructed 96-well-plate reader (Illges, lggg).

The following antibodies were used in this study: Phycoerþthrine-conjugated anti-CD4

(Caltag; clone DD42), and fluorescein isothiocyanate- conjugated anti-CD8 (Caltag;

clone 385). cD8 used for western blotting was from DAKO (clone cg/1448).

Viability test
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Cells were treated with0.4o/o trypan blue (GIBCO, Eggenstein) for 3 minutes. Unstained

(viable) and stained (nonviable) cells were counted using a hemocytometer. The

percentage of viable cells was calculated as follows: viable cells (7o) : (total number of

viable cells per ml of aliquoV total number of cells per ml of aliquot) x 100

Experiments were done in triplicates and with PPMC from 3 different healthy

volunteers. Standard deviation was calculated as follows:

X: (: X)

Untreated control cells (media and DMSO control) were included in all experiments.

RNA isolation and CDNA synthesis

PBMC (107) were homogenized using RNAzol B (Biotecx, Texas, usA). RNA was

then extracted with 0. I volume chloroform, precipitated with 1 volume isopropanol and

washed in7SVo ethanol. RNA was resuspended in DEPC-Water. Quality of the prepared

RNA was verified by agarose gel electrophoresis. Aliquots of 28 pg RNA were adjusted

to 16 ¡rl with DEPC-Water and incubated 10 min at 65"C. RNA tubes were transferred

on ice and the following reagents were added: 5pl 5x reaction buffer, I ¡rl oligo (dT), 2

¡rl DTT (all Gibco BRL), 1 ¡rl (10 ¡.rmol), dNTP (Pharmacia), 0.5U/¡rl reverse transcrip-

tase (Superscriptll RT; 200U/¡.rl; Gibco/BRL). The reaction was incubated at 45'C for 60

min, heated at 95"C for 5 min and then quickly chilled on ice. The quality of synthesized

cDNA was controlled by PCR amplification of GAPDH using the following primers:

KNGAP-45 (CCA CCC ATG GCA AAT TCC ATG GCA); KNGAP.56 (TCT AGA

CGG CAG GTC AGG TCC ACC).

using primers KN85 (ccc crr ACC AGT cAC ccc cr) and KN86 (AAG GCT

GGG CTT GTC TCC CG) we amplified a region containing exons 1-6 from the CDScr

sD:y'> cx-x'¡2t,/1n-t¡
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mRNA. The PCR product was cloned into pCR2.1 (Invitrogen, Groningen, Netherland).

The resulting plasmid was designated pCR-CD8cr. To generate a probe for the CD4

gene, we used primers KN 141 (TCA CCT CAC AAA GC-A GCT TCC) and KN 142

(TTC TCG crA TGG crc cGC) to amplify a72t bp frag- ment by RT-pcR. The

fragment was cloned into pCR2.l and termed pCR-CD4.

5.3.3 Northernblotting

Total cellular RNA was prepared from peripheral blood lymphocytes þeripheral blood

hufff coats) grown in tissue culture plates at2x 106 cells/ml with or without calyculin A.

28 Vg RNA were loaded per lane and separated by electrophoresis through a 1.2%o

agarose/formaldehyde gel. RNA was blotted overnight onto a nylon membrane

(Boehringer Mannheim, Germany) and cross-linked with UV light. Membranes were

pre-hybriclized at 42"C then hybridized overnight with 32P-labelled CDSa or CD4 insert

isolated from pCR-CD8a or pCR-CD4 respectively.

5.3.4 Western blotting

Cell lysates \¡/ere prepared using Nonidet P-40 lysis buffer (1% Nonidet p-40, 10 mM

Tris-pH7.4, 150 mM NACÐ with protease inhibitors (50 pglml aprotinin, l0 ¡rglml

leupeptin, 50 ¡rglml pepstatin A, lmM PMSF) for 30 min. Cytoplasmic extracts were

isolated, applied on l0%o SDS-PAGE gels, and transferred to nitrocellulose membranes.

CDSa was detected with monoclonal antihuman-CD8o antibody followed by a

peroxidaselabeled goat anti-mouse antibody (Pierce, USA). Immunoblots were devel-

oped with enhanced chemiluminescence reagent (ECL; Amersham Corporation).



5.4 Results

5.4.1 Dose- and time-dependent reduction of cDg surface protein

Using a variety of inhibitors of regulatory enrymes, \rye tried to manipulate the expres-

sion levels of B cell surface molecules (data not shown). By serendipity we observed

that the CD8 molecule on human peripheral blood T cells was down-regulated by the

phosphatase inhibitor calyculin A, which selectively inhibits both phosphatase type I and

type2A- To gain insight into the changes induced by calyculin A we frulher analyzed

peripheral blood mononuclear cells (PBMC) cultured under standard tissue culture

conditions with or without calyculin A.

When we added calyculin A at different concentrations from 1-20 nM to our pBMC

cultures we observed a marked reduction in the expression of surface CD8-protein up to

40% (Fig.s.l A). For this we measured the mean fluorescence intensity of CD8 on the T

cell population by flow c¡ometry analysis using double fluorescence staining we ana-

lyzed CD4 in parallel (next section). When we added higher concentrations of the drug

>1OnM to our cultures cytotoxic effects did not allow to study CD8 expression levels

due to a dramatic increase in cell death.

To follow the time course of the CDB reduction we incubated PBMC at 10 nM calyculin

A. At 6, 18, 26 and 40 h each we took a sample of the cells for flow cytometric

t&





Human PBL

Sample A

Cells in
Medium*

Sample B

88+0

Control
(DMSO)*

Sample C

r66

* Avarage of 3 eperiments

Samples A, B and C are obtained from healthy donors

88.3 t 1.2

Table 1. PBMCs from healthy donors were incubated in triple for 24hinRPMI-1640 medium alone,
with DMSO and with Calyculin A at 10 nM. The cells were counted after staining with trypan blue
and the standard deviation calculated.
* Average of 3 experiments. One out of 3 experiments is shown.

83.3 r 1.2

Calyculin A*

89.66 + 0.21

85.33 r 0.91

82.33 r 1.9

88 r 1.4

85.66 t 1.6

88 t 0.7



analysis. The rest of the cells remained in culture. Staining with CDSc¿ mAb revealed a

time-dependent reduction of CD8 (Fig. 5.lB) as determined by the mean fluorescence

intensity of the CD8 T cell population. PBMC were kept in parallel with the same con-

centrations of DMSO used to solubilize calyculin A.

5.4.2 CD4 expression is not affected by calyculin A

To control whether the reduction of CD8 reflects an overall reduction in protein expres-

sion and because calyculin A has various effects on cells, we analyzed the pBMC from

the calyculin A treated cultures for surface expression of cD4 by flow cytometry

(Fig.s.lC) too. We found that the expression levels remain stable at the same

concentrations of calyculin A at which CDSa is reduced. We always used double

staining of CD4 and CD8 to determine the mean fluorescence. Other molecules analyzed

on B cells, e.g. CD19 and CD2l, were not affected (data not shown). The reduction of

CDB was observed on all CD8*T cells. However, we can not entirely exclude that

subpopulations thereof may not or be affected to a different degree.
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5.4.3 lVestern blotting shows strong reduction of CDg

In order to excluded that the reduction of CD8 was due to a lack of surface expression

only, we performed western blot analysis. PBMC were isolated and treated with 10 nM

calycutin A for 48h hours. After that time cells were checked by flow cytometry for the

reduction of CD8. The remaining cells were lysed and the proteins applied to SDS-

PAGE. A monoclonal anti-CD8o antibody was used to detect the CDScr protein. As can
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be seen in Fig. 5.2 calyculin A leads to a reduction of CD8 protein content in pBMC in

comparison to cells kept without calyculin A in parallel.

cDB transcription is reduced by the application of calyculin A

Next we asked whether calyculin A acts on the level of transcription. For this \¡/e per-

formed Northern blot analysis. PBMC were isolated and kept with 10 nM calyculin A

fot 6,12 and24hin culture. The reduction of CD8 was controlled by flow cytometry



Fig.5.2' Treatment with Calyculin A cause a reduction in CD8 protein expression
To analyze whether the reduction of CD8 protein on the cell surface refleôts an overall reduction of CDg
and to verifu our data obtained by fluorescent staining, I performed Westem blot analysis. For this we
kept PBMC with (10 nM) and without Calyculin A for 24hinculture. Cells were lysed and proteins
applied to SDS page. As can be seen the reduction of CD8 protein from the surface i, u..orpunied by
an overall loss of CD8 protein.
One out of 9 experiments is shown.
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and the remaining cells were used for RNA isolation. Equal amounts of RNA were load-

ed on the gels. Using the 32P labeled insert of pCR-CD8a and pCR-CD4, we found that

the CDSa mRNA is strongly reduced in the cells treated with calyculin A as compared

to control cells (Fig.5.3). However, the expression of CD4 remains unchanged in the

cells treated with Calyculin A compared with the control (Fig. 5.3b). To get an objective

measurement, we exposed the blots using phospho-imaging and calculated the amount

of radioactivity bound to the CD4 gene using the Quantity I program (Biorad). As can

be seen in Figure 3b no change in CD4 in RNA was observed when cells where treated

with calyculin A, in contrast to CD8 in RNA.

5.4.4 Okodaic acid does not influence the surface expression of CD4 and CD3

In order to evaluate whether the calyculin A-dependent deficiency in CD8 expression is

due to a general inhibition of main phosphatases and to start to decipher the possible

target phosphatase we used okadaic acid in our analysis. We applied okadaic acid at con-

centration from 2nM to 500 nM to our PBMC cultures, using double fluorescence sur-

face expression of CD4 and CDB was measured at20,48 and 68 h after okadaic acid

was given to the culture. 3 cell cultures were started in parallel as depicted in Figure 4.

No change in expression levels of CD4 or CD8 could be observed at the various con-

centrations of okadaic acid over the time course analyzed,.



Signal quatification

Data unit(*) : Counts (CÌ{f)

Figure 5.3. CD8 RNA expression has been affected by caylculine A
PBMC were kept with and without 10 nM calyculin A for 24hinculture. RNA was isolated from
calycutin A-treated cells and control cells. 28 pg total RNA was applied per lane. In addition EtBr staining Iwas used to control for equal loading of RNA. Northern Blot analysis shows that Calyculin A leads to a
reduced expression of CD8 mRNA (A), while CD4 show mRNA expression remains stable in Calyculin A-
treated PBMC (B). Using a phospho-imager (Biorad) we calculated the amount of radio labeled piobe bound
to the mRNA. Numbers are given below the gel pictures.
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5.5 Discussion

In human peripheral blood lymphocytes, calyculin A down-regulates CDSa expression

in a time and dose dependent manner, but has no effect on CD4 expression. The effect

was specific to calyculin A in that, okadaic acid, another phosphatase inhibitor with a

broad spectrum of targets did not influence the surface expression of CD4 or CDga. The

specific reduction of CDSa protein expression in the calyculin A-treated cells was

demonstated by flow cytometry, Northern and Western blot analysis. Using trypan blue

exclusion we found no significant difference in viability of Calyculin A treated and

untreated cells (24h, l0 nM calyculin A).

It has been shown before that preincubation of CTL and natural killer cells with

calyculin A inhibits both CTL and NK cell-mediated cytotoxicity (Bajpai and Brahmi,

1994). This suggests that the Ser/Thr phoshatases play a role in modulating the lytic

activity of cells exposed to sensitive target cells (Bajpai and Brahmi, 1994).In CDSg-

deficient mice, MHC class I-restricted cytotoxic T lymphocytes (CTL) appear to be

completely absent (Goldrath et al., 1997). Calyculin A reduces expression of CDSc¿-

mRNA expression as shown by Northern blot analysis (Fig. 5.3a), while Calyculin A

showed no effect on the expression of CD4 (Fig.5.3b). Based on our results we would

like to interpret the action of calyculin A on CTL function at least in part due to the

reduction of CDSo expression. The CD8 locus on chromosom e 2 inhuman (Sukhaûne

et al., 1985) contains an element with negative regulatory functions and three clusters of

putative tþmocyte specific regulatory elements (Ellmeier etal,1999; Hostert et al.,

I999;Zhartg et al., 1998b). Until now the complex regulation of CDSa gene expression

is not fully understood. The transcriptional regulation of the CD4 and CD8 genes is
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tightly linked to the functional program of the developing T cell (Corbella et a1.,1994;

Robey et al', I996).In contrast to CD8a, the control of surface CDSp expression

appears to involve both transcriptional and post-transcriptional mechanisms (Hostert et

al.,I997a). Activation of transacting factors that regulate the CD4 silencer and the

mature CD8 enhancer is likely to involve components that are common to a cytotoxic T

cell differentiation program.

To understand the nature of CD8 lineage-specific expression, it will be necessary to

identify the key nuclear factors. DNA sequence analysis of the minimal enhancer adja-

cent to a negative regulatory element in CDScr revealed a cluster of consensus binding

sites for Ets- 1, TCF- l, cR-E, GATA-3, LyF- l, and BHLH (Hambor et al., rgg3).

FLEISCHMAN and colleagues (Fleischman et al., lgg3) found that the phosphorylation

status of Ets-I in T cells is regulated by serine/threonine phosphatases, which can be

inhibited by the serine/threonine phosphatase inhibitor okadaic acid.

We found that CDSa expression is not inhibited by okadaic acid and this suggests that

factors other than Ets-I be involved in this regulation.

Our results suggest, that calycutin A inhibits a phosphatase involved in CDSq expres-

sion' The reduction of CDSc upto 40o/o only, may indicate that the expression depends

on factors, which do not need dephosphorylation too. However, it is also possible that

due to the cytotoxic effects of calyculin A, we did not reach concentrations necessary for

complete ablation of CDSa expression. Because of the broad effects of calyculin A

(Weller et al.,1995), it will be important to define new inhibitors specifically targeting

the phosphatase involved in CDScr expression. In contrast to calyculin A, okadaic acid

had neither effect on CD4 nor CD8. It has been reported that okadaic acid reduces the
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activity of pp2{but does not affect pp 1 (Fawe et al., 1997; Resjo et al., lggg),while

calyculin A inhibits both pp2A and ppl with approximately equal specificity (Resjo et

a1.,1999). Thus, ppl might be a candidate phosphatase involved in the regulation of

CDBa tanscription. The identification of a more specific and less toxic phosphatase

inhibitor might help to treat patients suffering from CTL- mediated cytotoxicity and

patients undergoing organ transplantation.



Chapter 6 General Discussion
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6.1 Role of Bam32 Ín Ag processing and presentation

This study was initiated to characterize the role of Bam32 in BCR activation.

Bam32 has been found to be mainly expressed in germinal center B cells (Marshall et

a1.,2000a). Bam32 was found to be recruited to the membrane upon BCR cross linking

(Marshall et al., 2000a). Moreover, Bam32 is phosphorylated upon BCR stimulation.

This suggested a role of Bam32in B cell immune response. B cells react upon binding

with antigen in two ways. First, to initiate signaling cascades, which differ according to

the kind of the Ag (self or non-self). Second, to uptake this Ag and presents it to T cells,

which in turn help B cells to proliferate and differentiate to eliminate this Ag. The first

aim of this work was to study the role of Bam32 in B cell Ag processing. This work

showed thatBam32 is required for BCR-mediated Ag uptake through a clathrin and

actin-mediated mechanism. B cells distinguish themselves from the other APCs by their

unique ability to sense the antigen in a very low concentration, which is important

especially in the beginning of the infection. Another unique character of the Ag uptake

by B cells is their specificity in uptaking the antigen in a native form (Siemasko and

Clark, 2001). The adaptor Bam32 is critically required for Ag uptake, since the Ag

uptake was impaired in cells deficient in active Bam32. Consistent with this, mice

deficient inBam32 are vulnerable to bacterial infections such as Streptococcus

pneumoniae (Fournier et al 2003). The IgG3 isotype was undetectable in mice lacking

Bam32 (Han et a1.,2003) indicating for a possible role of Bam32 in class switching

process. Therefore, this study demonstrates a fundamental role of the adaptor molecule

Bam32 in the humoral immune response.
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It has been shown thatBam32 is highly expressed in GC B cells (Marshall et al., 2000).

However, the role of Bam32 in GC events such as affinity maturation has not been

investigated. Affinity maturation of antibodies is mainly based on a process of somatic

hypermutaion to increase the affinity of antibodies to the antigens. This process seems to

require B cell signaling (V/agner and Neuberyer,1996). B cells express BCRs with a

tremendous specificity. Moreover, B cells can adapt their BCR through somatic

hypermutation to make their receptor fit well for all these diverse Ags. Consistent with

my results showing the role of Bam32 in regulating many branches in BCR signaling, it

is possible thatBam32 is involved in this process. Bam32-/- mice show defect in the

swiching to IgG3 Isotype.

The number of B1 cells is remarkably reduced in Bam32-/- mice indicating an important

role of Bam32 in the generation of these cells (Hanetal.,20O3). However the role of

Bam32 activation in these cells is still not elucidated. Elevated levels of Bl cells have

been described in plethora of autoimmune diseases in humans including rheumatoid

arthritis, primary Sjogren's syndrome, systemic lupus erythmatosus, Graves' disease,

and diabetes. This B cell subset is elevated in, for example, the autoimmune NZB

mouse. It would be of interest to study whether Bam32 is involved in Ag presentation or

BCR signaling in these cells. The presence of CD5 B cells on human CLL cells and the

polyreactive nature of antibodies programmed by these cells indicate that these

malignant B cell tumors are derived Bl B cell subpopulation (Chiorazzi andFerrarini,

2003). The significance of this at present is unclear. Since Bam32 plays a role in B cell
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proliferation and signaling pathways (Han et a1.,2003), it is speculative that Bam32 may

be hyperactivated in these cancer cells.

This study provides new evidence regarding the mechanism of BCR-mediated

endocytosis which is an issue that has been debated for many decades (Pierce, 2002).

Bam32 was found to redistribute with clathrin, transferrin and dynamin after BCR

crosslinking. This evidence has been supported by a biochemical study by Stoddart et al,

2002. Since another study has indicated that the dynamin phosphorylation has not been

affected by the expression of Bam32 mutants (Anderson et aI.,2000), my results support

the growing evidence (Lee et a1.,2002) that the actin and not the dynamin, may regulate

detachment of the internalized vesicles from the membrane. Significantly, this study

identifies the molecular mechanism by which Bam32 affect BCR-endocyosis. Bam32 is

required for actin polymerization. Filamentous actin is a major player in BCR-

endocytosis (Brown and Song, 2001). Polymerized actin is important for every step in

Ag processing and presentation (Brown and Song,2001). My results may be able to help

shed light on the molecular mechanisms of Ag processing.

Bam32 was found in this study to colocalize with MHCII molecules. This refers to a

potential role of this adaptor in Ag processing and presentation. My results identified the

B cell associated protein (Bap37) as a potential interaction partner of Bam32. Bap37

belongs to a SPFH family of proteins by having SPFH domain which play a role in

protein degradation in the endolysosomes (Stuermer et al., 2001). This increases the

possibility that Bam32 may affect the proteolysis of Ags in the endolysosomal



compartments and thereby be required for this step in Ag processing; however this

interaction still has to be confirmed.

6.2 Role of Bam32 in BCR-mediated signaling

My work shows that Bam32 is not only required for BCR antigen processing but also

plays an indispensable role in BCR signaling. A major discovery in this work is the

finding that Bam32 regulates BCR- mediated Racl signaling pathway (Fig. 6.1). Racl

has been implicated in the regulation of a variety of signaling pathways that control cell

proliferation, differentiation, and apoptosis (Guo et al., 2003). Racl is required for the

cytoskeletal reorganization that leads to T cell- APC conjugates and the formation of the

immunologic synapse (Malecz et aI.,2000). Racl regulates cell growth, migration, and

cellular transformation by controlling the intracellular production of reactive oxygen

species (ROS) (Kim et al., 1998). The role of Racl in the production of reactive oxygen

species in phagocytic cells such as neutrophils is well established (Heyworth et al.,

1993).In such cells, Rac proteins are essential for the assembly of the plasma membrane

NADPH oxidase that is responsible for the transfer of electrons to molecular oxygen

leading to the production of superoxide anions. Rac proteins, in particular Rac1, serve a

similar function in other cell types (Irani et al., I9W). Since my study shows that Bam32

is required for Racl activation, it is tempting to investigate the role of Bam32 in the

regulation of ROS production.
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Other Racl-regulated signaling pathways such as JNK and PI3K are known to be

involved in some serious disorders of immune system as cancer and autoimmunity

(Tiede et af ., 2003). The roles of Bam3}-regulated signaling parhways such as
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Raf/MEIIERK and Racl-PI3IlAkt in leukemogenesis and their importance in the

regulation of cell cycle progression and apoptosis has been documented (Steelman et al.,

200y'-). Akt phosphorylation which is dependent on PI3K has been shown in many kinds

of cancers. As its role in tumor progression emerges, the PI3IlAkt pathway presents an

appealing cancer therapeutic target. Recent studies have investigated the mechanisms

underlying the tumor-promoting effects of this pathway (Katso et al., 2001).

This work shows thatBamS2 regulates BCR-mediated JNK activation. JNK is thought

to be involved in cell survival (Whitmarsh et al., 199S). They activate transcription

factors such as c-jun (whitmarsh et al., 1998). The regulation of JNK by Bam32

indicates for a crucial role in cell signaling leading to proliferation, differentiation, and

apoptosis. A recent study provided evidence that Bam 32 affects cell proliferation and

not apoptosis (Han et al., 2003).

My genetic evidence and biochemical analysis strongly support thatBam32is a relevant

regulator of NF-AT function. This study and others (Marshall et al., 2000a) show that

Bam32 negatively regulates BCR-mediated NF-AT activation. This provides a

mechanism whereby NF-AT-driven responses can be terminated, which can set a

threshold for a given response. Understanding how and when these molecules induce

positive or negative immune response will resolve many critical aspects in the immune

response. So, defining the mechanism by which Bam32 signaling modulate BCR-

mediated NF-AT transcriptional activity of specific genes may provide new insights on

NF-AT regulation and thereby its biological effects. NF-AT activation requires calcium

dependent dephosphorlation. However, this work shows that Bam32 has no remarkable
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effect on Ca2* flux. Therefore, my data suggest that Bam32 may regulate NF-AT

transcriptional activity independent of Ca2* mobilization. On the other hand my results

identify Bam32 as a potential interaction partner of NF-AT. This opens the possibility

that Bam32 may affect NF-AT directly; however the nature of this interaction requires

further study to be confirmed. Another possible pathway is that Bam32 regulate BCR-

induced NF-AT activity indirectly through PKCs and/ or MAPK pathways (V/illiams et

al., 1995) (Fig. 6.1). It has been found that HPKI suppress NF-AT activiry (Liou et al.,

2000). HPKI has been shown to interact with Bam32 (Han et a1.,2003) and has been

found to activate JNK (Schulze-Luehrmann et a1.,2002 Ma et a1.,2001b). Thus, it is

possible that Bam32 regulates NF-AT through HPKl.

Moreover, in contrast to Vavl, Yav}(a more widely expressed form of Vav family)

(Schuebel et al., 1998), which has been shown to upregulate the activity of Racl and

JNK (Fischer et al., 1998a) dramatically suppressed TCR signals leading to NF-AT

transcriptional activity (fartare-Deckert et a|.,2001). We speculate that BCR may

negatively regulate NF-AT transcriptional activity through Yav}-Bam32- HPKI- JNK

pathway.

In conclusion, Bam32 is required for regulation of BCR signaling pathways that lead to

cell proliferation and differentiation of B cells to mount an immune response. Bam?¡1

may be important to terminate these signaling following an immune response.

Bam32 has been found to interact with myosin II. The importance of this interaction still

has to be investigated. Non muscle myosin II has been found to be required for the

capping process but not for the endocytosis (Wulfing and Davis, 1998).
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In conclusion, Bam32 may provide new insight by modulation of the immune response

to induce biological effects, which may be important for preserving the immune balance

toward desirable immune reactions and/or maintaining by this the homeostasis.
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