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Abstract

Recent evidence from this laboratory has indicated that the B cell integral membrane

protein CD20 functions in calcium entry following B cell antigen receptor (BCR)

stimulation.  However, little was known about the specific role of CD20 in calcium entry.

Several possibilities included: 1) CD20 is a calcium channel, 2) CD20 associates with a

channel thereby regulating calcium entry via an adjacent channel, or 3) CD20 initiates

signals which modulate a calcium channel.  During the course of my thesis work, I

generated results that will aid in understanding the role of CD20.  Consistent with its

potential role as a component of a store-operated calcium channel, I provided evidence

that CD20 exists as a tetramer in association with other surface-labelled proteins.  I

determined that CD20 associates with cell surface immunoglobulin which is the antigen

binding component of the BCR.  CD20 is localized to cholesterol-rich signalling domains

known as lipid rafts and my evidence indicated that it associates with cell surface

immunoglobulin within lipid rafts.  However, BCR-CD20 association was resistant to

cholesterol depletion and raft disruption, indicating that the receptor-channel complex,

while residing in rafts, is maintained independently of the cholesterol-rich raft

environment.  Interestingly, depletion of membrane cholesterol alters the conformation of

CD20, however this effect is regulated independently of CD20 raft association.  Since

CD20 lipid raft localization is required for BCR-mediated calcium entry, the cholesterol-

dependent conformation may reflect the regulation of calcium channel-independent

properties of CD20.  BCR ligation results in the dissociation of cell surface

immunoglobulin from CD20 as well as in the subsequent recruitment of several
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phosphoproteins and calmodulin binding proteins to the CD20 multimeric complex.

Future investigations will likely be aimed at identifying and characterizing these proteins

to acquire a better understanding of the function of CD20 in modulating BCR mediated

signalling events.
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I.  INTRODUCTION

A.  An overview:  the humoral immune response

B cells develop from progenitor cells through a series of stages in the bone

marrow (1, 2).  These stages are characterized by progress in the rearrangement of the

immunoglobulin (Ig) genes into a receptor having unique specificity for antigen.  This

receptor, known as the B cell antigen receptor (BCR), is the primary receptor of B cells

and is essentially a membrane bound version of antibody (Ab) associated with Igα

(CD79a) and Igβ (CD79b) signalling components.

Progression through the stages of B cell development and differentiation are

dependent upon signalling through the BCR (1, 3).  During the first stage of B cell

development, pro B cells express only the Igα/β components of the BCR (4).  This stage

is characterized by rearrangement of the immunoglobulin heavy chain variable (V),

diversity (D) and joining (J) gene segments (2, 5, 6).  Signalling through Igα/β is thought

to drive pro B cells into the pre B cell stage of development (4).

The heavy chain is then expressed at the cell surface in association with surrogate

light chain (λ5 and VpreB) as well as with the Igα/β signalling component in a complex

known as the pre BCR (2).  During the pre B cell stage of development, signals generated

via the pre BCR indicate successful rearrangement of the immunoglobulin heavy chain.

These signals result in allelic exclusion, cell proliferation and rearrangement of the light

chain variable (V) and joining (J) gene segments.  Immature B cells expressing BCR

comprised of µ isotype heavy chain and the newly rearranged light chain along with

Igα/β then undergo selection (7).  Those cells expressing receptors with specificity for
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self antigen can be eliminated by apoptosis, inactivated by becoming anergic, or may

rearrange their light chain by receptor editing (7, 8).  The B cells that survive selection

then migrate into the periphery where they may bind foreign antigen, become activated

and give rise to either memory B cells or antibody producing plasma cells.

Some self reactive B cells can still enter the periphery if the antigens they

recognize are not present in the bone marrow (8).  Those cells that recognize self antigen

in the periphery can be removed by apoptosis or inactivated by becoming anergic (7).  An

inability to eliminate these B cells can result in an immune response against self,

sometimes causing autoimmune disease (8).

B cell activation can occur with or without co-stimulation by T helper cells (7, 8).

T cell independent antigens, such as bacterial polysaccharides, lipopolysaccharides and

toxins, are predominantly characterized by their repetitive structure (2, 7, 9).  BCR cross-

linking by antigen with repetitive epitopes can result in high levels of BCR signalling and

subsequent secretion of antigen specific IgM antibodies.  In some cases, antigen will bind

to B cells regardless of their specificity.  This process is referred to as polyclonal

activation since the antibodies produced are not necessarily directed against the activating

antigen.

The majority of B cell responses require co-stimulation from T cells.  In order for

B cells to become activated by monovalent antigen, co-stimulation from activated T

helper cells is required (2).  These antigens do not cross-link the BCR and, as a result,

stimulate only a low level of B cell signalling.  Upon ligation, the BCR-antigen complex

is internalized (2, 3, 7, 10).  The antigen is processed into peptides that are then presented

in the context of major histocompatibility complex II (MHCII) at the surface of B cells.
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This antigen:MHCII complex is recognized by the T cell antigen receptor on T helper

cells, activating them in the process.  The activated T cells then up-regulate T cell CD40

ligand and secrete several B cell stimulatory cytokines, including interleukin 4 (IL-4), IL-

5 and IL-6.  B cells are co-stimulated by IL-4 and interaction of CD40 ligand with the B

cell integral membrane protein CD40, resulting in B cell secretion of primary IgM

antibody with low affinity for antigen (8, 11, 12).  Isotype switching from IgM to IgG

initiates B cell affinity maturation.

Activated B cells undergo affinity maturation in lymph and spleen germinal

centers (3, 13).  Germinal centers form as a result of antigen recognition and are

comprised of activated B cells, activated T helper cells and antigen-presenting follicular

dendritic cells (11-13).

There are two stages of affinity maturation:  proliferation and affinity selection (3,

14).  In the presence of T cell help, activated B cells undergo extensive somatic

hypermutation and proliferation, together known as clonal expansion.  In the process, a

single B cell can expand into a population of B cells having various affinities for antigen.

These B cells come into contact with immune complexes comprised of antigen,

complement and primary Ab localized on follicular dendritic cells (3, 11, 12, 14).  Upon

interaction with these immune complexes, there is enhanced presentation of antigen in

context of MHCII by B cells and secretion of IL-4, IL-5 and IL-10 by activated T cells

(11).  B cells having the greatest affinity for antigen undergo isotype switching (11, 14).

These cells then differentiate into memory cells and antibody-secreting plasma cells,

dependent upon the signals present.  In vitro, memory B cells are generated in the
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presence of CD40 ligand, IL-2 and IL-10, while plasma cells form in the presence of IL-2

and IL-10 (7, 15).  The remaining, vast majority of B cells die (13).

B.  The B cell receptor and its activation

B.1. The BCR complex

The BCR is a multiprotein complex comprised of an antigen binding component

and a signalling component (1, 3).  The membrane immunoglobulin (mIg) antigen-

binding component is composed of two heavy chains covalently attached to two, smaller

light chains.  These heavy and light chains each have constant and variable regions.  The

constant region of the mIg heavy chain dictates immunoglobulin isotype and traverses the

plasma membrane, with the vast majority of the molecule being extracelllular (2, 3).  The

membrane distal variable regions of the heavy and light chains come together to form the

antigen-binding cleft.

The mIg is in non-covalent association with the Igα  and Igβ   heterodimer

signalling component (1, 3, 16).  Igα and Igβ each contain a single cytoplasmic

immunoreceptor tyrosine-based activation motif (ITAM).  The ITAM is a conserved

motif comprised of two precisely spaced tyrosine residues with a surrounding consensus

sequence (YxxL(x 6-7)YxxL; x represents any amino acid) (17) that serve as docking sites

for molecules containing phosphotyrosine binding motifs (16).
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B.2. B cell activation

Upon BCR ligation, the Igα/β ITAM tyrosines are phosphorylated primarily by

the Src family tyrosine kinase Lyn allowing for the subsequent docking and activation of

the tyrosine kinase Syk (Figure I.1) (18, 19).  As a result, several signalling pathways are

initiated.  Syk phosphorylates the adaptor protein BLNK (SLP-65) to which Bruton’s

tyrosine kinase (Btk) and phospholipase Cγ (PLCγ) are recruited (20, 21).  PLCγ is then

in the proximity of and dually phosphorylated by Syk and Btk.  Activated

PLCγ hydrolyzes phosphatidylinositol (4,5) bisphosphate (PIP2) into diacylglycerol

(DAG) and inositol-1,4,5-triphosphate (IP3) (22).  The production of DAG results in the

activation of classical calcium-dependent isoforms of protein kinase C (PKC), as well as

novel PKC isoforms whose activation does not require calcium.  The binding of IP3 to its

receptor (IP3R) on the endoplasmic reticulum (ER) membrane prompts the rapid, release

of calcium from the ER lumen into the cytoplasm (23, 24).  Depletion of the intracellular

stores triggers the second phase of calcium flux, characterized by slow, sustained calcium

entry into the cell via plasma membrane associated store-operated calcium (SOC)

channels (25-28).  The increase in intracellular calcium concentration and, more

specifically, the amplitude and duration of the calcium flux, is translated into differential

gene expression by calcium sensitive proteins, ultimately resulting in cell proliferation

and differentiation into antibody producing plasma cells (29-31).

Coincident with activation of the PLCγ pathway, BCR stimulation activates the

mitogen activated protein kinase (MAPK) pathway via tyrosine phosphorylation of Vav

as well as by initiation of the Ras pathway (Figure I.1) (32, 33).  Vav and the Grb2/SOS

effector complex of the Ras pathway, in addition to PLCγ, bind to BLNK (20).  The MAP



6

kinases include extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase

(JNK/SAPK) and p38 MAPK (19).  Upon activation, these kinases can phosphorylate

different sets of transcription factors including Elk-1 and c-myc by ERK, c-Jun and ATF-

2 by JNK, and ATF-2 and MAX by p38 MAPK (19).

Phosphotidylinositol-3-kinase (PI3K) is also activated upon BCR ligation in a

protein tyrosine kinase-dependent fashion (19, 34).  PI3K activity generates

phosphatidylinositol (3,4,5) trisphosphate (PIP3), providing an essential docking site at

the plasma membrane for pleckstrin homology (PH) domain containing proteins like Btk

and the serine/threonine kinase Akt (protein kinase B; PKB).  Activation of Akt

following BCR ligation is dependent on PI3K activity, but independent of calcium

mobilization (34, 35).  Akt recruitment to the plasma membrane facilitates its

phosphorylation and subsequent activation (19).  Upon activation, Akt acts to promote

cell survival by regulating transcription factors such as nuclear factor-κB (NFκB) and

proteins that control apoptosis (19, 34, 36).  The importance of PI3K is emphasized by

the significant reduction in calcium flux upon inhibition of its activity as well as the

severe immune defects observed in humans with mutations in the PH domain of Btk (19,

34).

The combined activation of these signalling pathways leads to molecular and

biochemical changes such as antigen presentation, gene transcripition, proliferation and

antibody secretion.
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Figure I.1.  BCR ligation initiates several signalling pathways leading to changes in

gene transcription.  Antigen (Ag) binding to cell surface immunoglobulin (Ig) results in

the activation of several protein tyrosine kinases including Lyn which phosphorylates

(red dots) the Igα/β ITAM tyrosines allowing for Syk binding.  These signalling events

then initiate the activation of the PLCγ  (yellow), MAPK (violet), and PI3K (orange)

pathways.  The PLCγ pathway ultimately results in an increase in intracellular calcium

and subsequent activation of calcium responsive proteins (blue).  The activation of the

various signalling pathways results in changes in gene transcription.  Components

common to several signalling pathways are indicated in pink or green.
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C.  Modulation of BCR-mediated signals

Signals generated upon BCR engagement are modulated by a variety of cell

surface receptors as well as by BCR plasma membrane localization.  The stage and

activation dependent localization of BCR to lipid raft microdomains in the plasma

membrane can regulate the proximity of the receptor to signalling molecules.  Other B

cell modulators include several cell surface receptors that can either act to amplify (CD19

co-receptor complex and PIR-B) or inhibit (CD22, CD32, CD72 and PIR-A) BCR

signals.

C.1. BCR signalling and lipid rafts

BCR mediated signals are, in part, modulated by stage-dependent localization of

the receptor to plasma membrane microdomains known as lipid rafts (37).  Lipid rafts are

enriched in lipids such as cholesterol and sphingolipids, forming regions that are more

ordered and tightly packed than the remainder of the lipid bilayer (38-40).  Lipid rafts

have been implicated in receptor-mediated signal transduction based on their ability to

include some protein and lipid mediators, while excluding others.  Signalling molecules

such as some Src family kinases, cytoskeletal proteins, and adaptor proteins reside within

lipid rafts.  As a result, the ability of the BCR to access lipid rafts during development

can alter the functional outcome of signalling.  In pre B cells, a majority of the BCR is

constitutively associated with lipid rafts as are the signalling molecules PLCγ and PI3K

(41).  It is from within these lipid rafts that the pre BCR survival signal driving the B cell

to the next stage of development is likely generated.
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During the immature stage of B cell development, the BCR is excluded from lipid

rafts upon engagement with self-antigen, ultimately signalling apoptosis (42, 43).  In

naïve mature B cells, the majority of BCR is excluded from lipid rafts until it is bound by

antigen (44-46).  Upon receptor ligation, the BCR associates with lipid rafts.  The

resident lipid raft molecule Lyn becomes phosphorylated and a number of molecules

involved in the BCR signalling cascade such as PLCγ and PI3K are recruited (37).  The

substrate for PLCγ and PI3K, PIP2, is also enriched within lipid rafts possibly facilitating

the recruitment of additional signalling molecules (35, 47).  The transient recruitment of

the SH2-domain-containing inositol phosphatase (SHIP) to lipid rafts as well as the

enhanced calcium release observed under conditions of maximum lipid raft disruption

suggests that rafts have a role in down-regulating B cell signals (46, 48).

C.2. The CD19 co-receptor complex

The CD19 co-receptor complex is comprised of the transmembrane proteins

CD19, CD21 and CD81, and is constitutively associated with the BCR (49).  Co-ligation

of the CD19/21 complex with the BCR amplifies the response of BCR to antigen by

enhancing phosphorylation of Src family kinases, the calcium response and the activation

of MAP kinases (49, 50).  Binding of complement-coated antigen to both the BCR and

the complement receptor CD21 acts to cross-link the two receptors.  This process brings

Src family kinase activity and its primary substrate CD19 into close proximity of each

other.  Subsequent binding of Lyn to the phosphorylated cytoplasmic tail of CD19 results

in amplified activity of the kinase (49, 50).  This then facilitates CD19 interactions with

Vav and PI3K, and initiates downstream events resulting in an enhanced calcium
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response.  Although the pathway is poorly defined, MAP kinase activation is also

augmented (49).  When co-ligated to the BCR, the CD19/CD21 complex enhances

signalling in part by prolonging the association of the BCR with lipid rafts (51).  The

tetraspanin CD81 is essential for the raft stabilizing function of the co-receptor complex

(52).

C.3. CD22

CD22 is an inhibitory receptor associated with the BCR (53, 54).  Although it is

known that CD22 binds sialic acid-modified proteins via its lectin-binding domain, the

physiologic ligand for CD22 has not been identified.  It is thought that its lectin-binding

domain, which is required for modulating BCR signals, likely interacts with adjacent

glycoproteins possibly including cell surface immunoglobulin (54-56).  Upon BCR

stimulation, activated Src family kinases rapidly phosphorylate immunoreceptor tyrosine-

based inhibitory motifs (ITIMs) within the cytoplasmic domain of CD22 (54).  Some

evidence suggests that CD19 also contributes to CD22 phosphorylation by its

amplification of Lyn kinase activity.

CD22 exerts its negative effects in part by recruiting SH2-containing tyrosine

phosphatase-1 (SHP-1) (19, 54).  SHP-1 inhibition of BCR signals results in reduced

calcium mobilization and B cell proliferation.  SHP-1 may down-regulate the activity of

molecules such as Igα/β, BLNK and Vav that are involved in BCR-mediated calcium

flux (19, 54).  There is also some evidence to suggest that CD22 stimulates SHP-1-

dependent calcium efflux from B cells by virtue of its association with the calcium pump

plasma membrane ATPase 4 (PMCA4) (54).  It is speculated that CD22 modulation of
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proliferation may occur as a result of its recruitment of Grb2 and Shc in complex with

SHIP (54).

C.4. CD32

CD32, otherwise known as the low affinity receptor for of IgG (FcγRIIb), is a

potent inhibitor of B cell activation signals (57).  During an immune response, antibody

binds antigen and forms immune complexes.  When there is a large quantity of antibody,

these immune complexes can simultaneously bind BCR and CD32.  Cross-linking the

two receptors results in their redistribution to lipid rafts, followed by Lyn

phosphorylation of the intracellular ITIM of CD32 and subsequent recruitment of SHIP

(58, 59).  SHIP antagonizes B cell signals by dephosphorylating PIP3, releasing PH

domain containing proteins Btk and PLCγ (60, 61).  This series of events ultimately

prevents calcium mobilization, BCR internalization and B cell proliferation.  There is

some evidence that ligation of CD32 alone can signal apoptosis independently of SHIP

activation (62).  This process may allow for elimination of germinal centre B cells having

reduced affinity for antigen.

C.5. Other modulators

Other proteins involved in modulating signals through the BCR include CD72,

and the murine paired immunoglobulin-like receptors (PIRs) PIR-A and PIR-B.  CD72 is

a glycosylated, transmembrane protein involved in inhibiting BCR signalling events such

as the calcium response and B cell proliferation (54).  BCR ligation results in

phosphorylation of CD72 ITIM tyrosine residues and subsequent recruitment of SHP-1.
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The transmembrane protein CD100, expressed on T cells, has been identified as a ligand

for CD72.  The engagement of CD72 by CD100 suppresses the inhibitory affect of CD72

on BCR signals (54).

PIR-A and PIR-B, or their human counterparts known as myeloid

immunogobulin-like receptors (MIRs), are transmembrane glycoproteins (19, 54).  They

are often expressed as a pair on the same cell, with PIR-A being the activating isoform

and PIR-B the inhibitory isoform.  PIR-A appears to act independently of the BCR and is

associated with the FcR gamma chains (19, 54).  PIR-B contains multiple ITIM motifs

that are constitutively phosphorylated and associated with SHP-1.  Co-ligation of PIR-B

and the BCR reduces calcium signalling, inhibits tyrosine phosphorylation of Igα/β, Syk,

Btk and PLCγ and reduces B cell proliferation (54).

D.  Calcium signalling in B cells

BCR stimulation results in a series of signalling events, in part, aimed at

modulating intracellular calcium concentration.  Because there are numerous proteins

whose activity is regulated by calcium, an increase in intracellular calcium concentration

can lead to multiple downstream effects (23).  Calcium has been shown to not only

directly amplify signals, but also to modulate protein activity in response to BCR-

mediated signals (63, 64).  The intracellular calcium flux also activates transcription

factors including nuclear factor of activated T cells (NFAT) and NFκB resulting in gene

transcription (29-31).  Ultimately, the changes in gene expression are translated into

cellular changes such as proliferation and differentiation into antibody producing plasma

cells.
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D.1. Calcium signalling and reactive oxygen species

Reactive oxygen species (ROS), specifically H2O2, have been implicated in the

regulation of BCR signalling.  It is hypothesized that in naïve mature B cells phosphatase

activity predominates, preventing the signalling events observed with BCR activation

(63).  Upon BCR ligation, the BCR becomes localized in the proximity of a ROS-

producing NADPH oxidase.  The increased H2O2 concentration creates an oxidizing

environment around the BCR, inhibiting local phosphatases and allowing kinase activity

to dominate.  Syk and Lyn activity further activate the NADPH oxidase to amplify the

signal.

Consistent with this model, a recent study demonstrated a link between ROS and

the regulation of calcium flux in the A20 mouse B cell line (64).  ROS production seems

to be necessary for BCR-mediated activation of Lyn and the subsequent calcium flux.

The NADPH oxidase, dual oxidase 1, was identified as being involved in this process.  It

appears that the extent of calcium flux also affects ROS production in a positive feedback

loop, suggesting that calcium may somehow modulate the activity of the NADPH

oxidase.

D.2. Changes in gene expression

B cell activation and differentiation are long-term events that are strongly

dependent on sustained calcium signalling since they require several sequential rounds of

gene transcription (65).  There are primarily two categories of calcium-dependent gene

expression, one that is mediated by calcineurin and the other by calcium/calmodulin

dependent kinase (CAMK) II (18, 65).  Both calcineurin and CAMKII can be modulated
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by phosphorylation as well as by interaction with the calcium responsive protein

calmodulin (66).  Another, recently characterized, pathway for calcium dependent gene

expression involves PKC (35, 67, 68).

D.2.1. Calcineurin.  Calcineurin, otherwise known as protein phosphatase 2B, is

a serine/threonine protein phosphatase (66, 69) and is the predominant calmodulin

binding protein detected in B cell lysates (70).  It is a heterodimeric protein consisting of

‘A’ and ‘B’ subunits (66, 69).  The ‘A’subunit (~59 kDa) contains the catalytic site and

the calmodulin binding domain, while the ‘B’ subunit (~19 kDa) binds four calcium ions

and is myristoylated (66, 69).  The ‘B’ subunit is absolutely required for enzyme activity,

as calcium binding is thought to be important in the folding and stabilization of the ‘A’

subunit (66).  Calcineurin appears to be phosphorylated in vivo, but the physiological

relevance of this modification is not known (69).

The importance of calcinuerin in the B cell immune response is emphasized by in

vitro and in vivo studies.  Inhibition of calcineurin activity has been shown to prevent

BCR-mediated events such as apoptosis in the murine immature B cell line WEHI-231

and proliferation of splenic B cells (71, 72).  In a mouse model, conditional deletion of

the calcineurin ‘B’ subunit in B cells results in reduced BCR-mediated cell proliferation

(73).  T cell-dependent B cell responses result in reduced antigen-specific antibody

production as well as larger germinal centers, likely because of a defect in plasma cell

differentiation (73).

Calcineurin has broad specificity, with a key substrate in lymphocytes being

NFAT (65).  Upon intracellular calcium elevation, calcineurin becomes activated and
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dephosphorylates the transcription factor NFAT that can then translocate into the nucleus

(65).  There is also some evidence that it may be involved in NFκB activation although

the mechanism by which this is accomplished is not known (65, 74, 75).

D.2.2. CAMKII.  CAM kinases are broadly expressed, multifunctional

serine/threonine protein kinases (66, 76).  There are four distinct classes of CAMKII

encoded by separate genes, with each class being comprised of multiple isoforms.  Two

of the four classes of CAMKII (γ and δ) are expressed in B lymphocytes (77).  CAMKII

is comprised of multiple (6-12) identical or different subunits each ranging from 54 to 60

kDa in size (66, 76).  Each subunit has an N-terminal catalytic domain with an adjacent

autoregulatory domain that also contains a calmodulin-binding domain (24, 66, 76).

The level of CAMKII activity is dependent upon the initial frequency of calcium

oscillations and as such is a reflection of the degree of calcium flux (24, 66).  Upon

changes in intracellular calcium concentration, calcium/calmodulin binds to one or more

subunits of CAMKII, resulting in subunit kinase activation and autophosphorylation.

Once a subunit is activated, it can then phosphorylate and activate adjacent subunits.  The

number of subunits activated is dependent upon the strength of the calcium signal.  Once

a subunit is autophosphorylated, CAMKII activity can be sustained even after

calcium/calmodulin dissociates from the enzyme.

Very little is known about the mechanism by which CAMKII modulates gene

transcription.  It has been speculated to be indirectly involved in NFκB activation (24).

NFκB is kept inactive by interacting with the inhibitor of NFκB (IκB) within the

cytoplasm.  After an increase in intracellular calcium levels, calcium/calmodulin binds



17

CAMKII resulting in its activation.  A cytoplasmic isoform of CAMKII then

phosphorylates the enzyme IκB kinase (IKK) which, in turn, phosphorylates IκB.  IκB

can then dissociate from NFκB allowing NFκB to translocate to the nucleus.

In addition to possible regulation of NFκB, CAMKII has been shown to

phosphorylate the Ets-1 protein within the nucleus and negatively regulate its interaction

with specific enhancer and promoter elements (78, 79).  This effect of CAMKII counters

the positive regulation of Ets-1 by calcineurin (79).

D.2.3. Protein kinase C.  Recent reports have also implicated PKC in BCR-

mediated NFκB activation.  The PKC family is divided into four sub-groups (35).  Of

these sub-groups, only the conventional sub-group of PKCs (α, β1/11 and γ) require both

calcium and DAG for activation.  In B lymphocytes, it appears that PKCβ is required to

activate IKK, the kinase involved in NFκB activation (67, 68).  B cells from mice

deficient in PKCβ fail to activate NFκB and, subsequently, BCR-mediated survival (68).

D.3. Calcium and specificity of gene expression

B cells can respond to antigen in a variety of ways depending on their stage of

development because of calcium-dependent differences in gene expression (80).  The

amplitude, duration and frequency of the calcium flux in B lymphocytes controls the

differential activation of calcium sensitive transcriptional regulators including NFκB,

JNK and NFAT (65, 74, 75).  These transcription regulators work together in varying

combinations to translate the calcium flux into gene transcription.  NFκB and JNK are

selectively activated by a large transient rise in intracellular calcium, while NFAT
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responds to low, sustained calcium levels (30).  Activation of naive B cells results in a

biphasic calcium response characterized by a transient rise followed by a reduced, but

sustained level of intracellular calcium.  Under these circumstances, NFκB, NFAT, JNK

and ERK all become activated (30, 81, 82).  Calcium oscillations also contribute to

determining which combination of transcription regulators becomes active.  Evidence has

indicated that the three IP3R isoforms play a unique role in determining the pattern of

calcium oscillation (83).  Low frequency oscillations recruit NFκB alone, while high

frequencies activate NFκB and NFAT (31).

Differential signalling by calcium is likely important in the regulation of

immunity.  In self-tolerant B cells, antigen engagement of the cell surface BCR results in

a much smaller calcium flux and subsequent activation of NFAT and ERK, but not of

NFκB and JNK (7, 29, 81).  The cells fail to undergo proliferation and instead display

negative selection by being blocked from differentiating into antibody producing plasma

cells (29, 81).  During inhibition of B cell responses, the co-ligation of the BCR and

CD32 by immune complexes results only in a transient calcium spike (84, 85).  This

rapid change in intracellular calcium may result in the specific activation of NFκB and

JNK (30, 82), ultimately preventing B cell activation and proliferation (86).

D.4. Calcium channels in B cells

As mentioned previously, BCR ligation initiates a series of signalling events one

of which is the activation of PLCγ (Figure I.2) (22).  PLCγ hydrolyzes PIP2 into DAG

and IP3.  The binding of IP3 to its receptor (IP3R) on the ER triggers the first phase of the

calcium response corresponding with the rapid, transient release of calcium from the ER
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Figure I.2.  BCR ligation initiates intracellular calcium signalling by activation of

the PLCγ pathway.  Antigen (Ag) binding to cell surface immunoglobulin (Ig) results in

the activation of several protein tyrosine kinases including Lyn which phosphorylates

(red dots) the Igα /β  ITAM tyrosines allowing for Syk binding.  Syk then

phosphosphorylates a number of substrates including PLCγ.  PLCγ activation results in

the hydrolysis of PIP2 into DAG and IP3.  IP3 binds its receptor (IP3R) on the

endoplasmic reticulum membrane initiating release of calcium from within the store.

This triggers the influx of calcium from outside the cell through unidentified SOC

channels.  Inset:  The trace represents the relative increase in intracellular calcium over

time as seen upon calcium release and entry at steps indicated numerically.  BCR

stimulation results in a rapid, transient flux followed by the sustained calcium levels.  The

arrow indicates time of BCR ligation.
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lumen into the cytoplasm (23, 24).  Depletion of the intracellular stores triggers the

second phase of calcium flux, characterized by slow, sustained calcium entry into the cell

via plasma membrane associated entry by store-operated calcium (SOC) channels (25-

28).

Although the IP3R is the primary channel involved in store depletion, B

lymphocytes also express another family of ER localized receptor-channels called

ryanodine receptors (RYRs) that may also contribute to BCR-mediated calcium release

(87).  Three isoforms of RYR have been identified, with RYR1 being the main isoform

expressed in B lymphocytes (87, 88).  B cells isolated from patients expressing a mutated

form of RYR1 have enhanced calcium responses suggesting a possible role for RYR1 in

B cell calcium signalling (89).  The specific contribution of RYR1 in this process is still

not known (24).

In hematopoetic cells, a primary contributor to the second phase of the calcium

flux is a class of SOC channels known as the calcium release activated calcium entry

current (CRAC) channels (90). These CRAC channels are responsible for the well-

characterized Icrac current defined by low single channel conductance and very high

selectivity for divalent ions (90).

Three models were initially proposed to explain the mechanism by which store

depletion triggered calcium release (24, 91).  The first was the diffusible messenger

model in which it was speculated that a soluble messenger was released upon store

depletion and diffused to the plasma membrane where it activated CRAC channels (24,

91).  The second was the conformational coupling model.  In this model, activation of

IP3R would induce a conformational change initiating other ER proteins to directly
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interact with the plasma membrane CRAC channels thereby activating them (24, 91).

The third model suggested that store depletion caused ER localized calcium channels to

be transported to the plasma membrane in vesicles (91).  Recent studies have provided

evidence supporting the conformational coupling model.

D.4.1. The CRAC channel.  Although the biophysical profile of the CRAC

channel was known, the identity of the CRAC channel(s) as well as the proteins involved

in regulating its activity have remained a mystery until quite recently.  Initial studies were

directed at investigating the possibility that the CRAC channel was comprised of one or

more of the mammalian homologues of the transient receptor potential (TRP) family of

ion channels first characterized in Drosophila (92).  Overexpression of TRP channels in

mammalian cell lines enhanced SOC entry, while reduced expression of endogeneous

TRP resulted in decreased calcium release (91).  Although these results pointed toward

their involvement in SOC entry, many TRP channels did not have the properties

consistent with that of the CRAC channel.  TRP channels had higher conductance and

less cation specificity (25).  Most TRP family members are permeable to calcium as well

as other cations (24).  As a result, they are also known as nonselective cation channels

(NSCCs).

More recently, RNA interference studies led to the identification of two key,

ubiquitously expressed components of SOC entry, the ER calcium sensor STIM1 (93, 94)

and the pore forming subunit of the Icrac channel Orai1 (also known as calcium release

activated channel modulator; CRACM) (95-98).  Upon store depletion, the calcium

sensing, ER associated, single pass membrane protein STIM1 clusters and localizes into
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puncta just below the plasma membrane where it appears to regulate the opening of

plasma membrane SOC channels (93, 99).  Evidence has indicated that Orai1 comprises

the pore forming subunit of the SOC channel (97, 100).  This integral plasma membrane

protein is ~37 kDa in size and has four putative transmembrane domains (95, 96).  The

functional importance of SOC entry is emphasized by the finding that a point mutation

located near the beginning of the first transmembrane domain of Orai1 causes defective

SOC entry and function in T lymphocytes leading to a form of hereditary severe

combined immune deficiency (SCID) syndrome (95, 101, 102).  However, SOC entry in

B lymphocytes from these same patients is reduced but not abolished, suggesting that

additional calcium entry pathways are involved (102).

D.4.2. Other putative SOC channels.  Several plasma membrane associated

cation channels have been implicated in B lymphocyte calcium entry; however, the

properties of these channels are distinct from those attributed to CRAC channels (103-

109).  Despite being non-excitable, there is some evidence that B lymphocytes express a

calcium channel sharing some properties with conventional L-type voltage-gated

channels (103, 106).  Studies using B cells treated with channel antagonist have

suggested that activation of this L-type channel is important in initiating the second phase

of calcium flux independent of the extent of calcium release (106).

Several TRP channels are known to be expressed and functional in B

lymphocytes, but it is not clear whether they respond to store depletion or other second

messengers (24).  Of the TRP channels expressed, TRPC1 appears to have a role in

calcium entry in B cells.  Reduced BCR-mediated calcium release and entry is observed
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with disrupted expression of TRPC1 in the DT40 chicken B cell line, indicating that it

may be involved in regulating both aspects of calcium flux (104).  Since the calcium flux

is not abolished, at least one other channel likely contributes to SOC entry.  TRPC7 is

also involved in BCR-mediated calcium entry in DT40 B cells, but its activity appears to

be regulated by DAG rather than store depletion (107).  The Icrac current is intact in cells

in which TRPC7 is knocked out indicating that it is not the channel responsible for the

Icrac current. As well, at least one unidentified NSCC operates in a cooperative fashion

with SOC channels but in response to mechanical stress (108).

Recent evidence has indicated that a few IP3R having high conductance and low

calcium selectivity localize to the plasma membrane where they provide a significant

contribution to BCR-mediated, IP3 dependent cation entry (105, 109).  Together, these

channels likely collaborate to provide functionally different calcium responses.  The

mechanisms by which these variations in calcium flux are sensed and translated into

distinct cellular responses are not completely known (24).

E.  Modulation of B cell receptor-activated calcium signalling by CD20

E.1. CD20 and BCR-mediated calcium entry

Increasing evidence has indicated that the B cell integral membrane

phosphoprotein CD20 (33/35 kDa), similar to Orai1 in size and topology, functions in

BCR mediated calcium entry as a channel or a component of a channel (110-118).  A

small calcium mediated current similar to that observed in B cells has been detected by

whole cell patch clamp analysis in cells ectopically expressing CD20 (114, 115, 119).
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Increased intracellular calcium levels have been observed in CD20 transfected cells using

fluorescence microscopy (114, 115).  Evidence based on the elevated calcium influx

observed in thapsigarin treated chinese hamster ovary cells (CHO) cells ectopically

expressing CD20 strongly indicate that CD20 is involved in store-operated calcium entry

(118).  BCR-mediated calcium entry is reduced upon siRNA down-regulation of CD20

expression in a B cell line (118).  A similar reduction in calcium flux is observed in a

CD20 knockout mouse model, although this observation may be attributed to decreased B

cell surface IgM expression as compared to wild type animals (120).  Interestingly,

CD19-mediated calcium flux was slightly delayed and dramatically reduced in this same

mouse model (120).

E.2. CD20 and the MS4A family

CD20 belongs to the membrane-spanning 4-transmembrane domains, sub-family

A (MS4A) superfamily of proteins (121-123).  The original members of this family

include CD20 (MS4A1), the Fc receptor β chain (FcRβ; MS4A2), and the hematopoetic-

cell-specific protein HTm4 (MS4A3).  Recently, the genes of at least ten additional

family members have been identified as well as their murine counterparts (MS4a

superfamily) (121-126).  Genes for the majority of these proteins are localized to human

chromosome 11, while some are localized to chromosome 7 (121-123, 125, 126).  These

proteins have overall amino acid sequence identities of 25-40% and are predicted to share

a similar structure with the greatest degree of similarity in the first three transmembrane

domains (121, 122).  Human and mouse CD20 have 73% protein sequence identity with

most of the differences arising from conservative substitutions (Figure I.3) (110-112,
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127).  MS4A family members are expressed in various tissues, although most are found

in lymphoid tissues and hematopoetic cells (121, 122).

The initial members of this superfamily have been studied most extensively.

FcRβ (MS4A2) is a subunit common to the high-affinity IgE receptor (FcεRI) and low

affinity IgG receptor (FcγRIII), serving to amplify signals with some evidence indicating

a role in regulating intracellular free calcium (128, 129).  It has recently been determined

that HTm4 (MS4A3) is involved in cell cycle regulation as a modulator of G1/S

transition (130).  The remaining members are largely uncharacterized.  Among these,

MS4A4A, 6A, 7 and 8B are expressed in human B cells (122) (Lili Deng and Julie

Deans, unpublished data).  MS4A6A and MS4A7 are localized to the Golgi complex,

while MS4A4A and MS4A8B are expressed at the plasma membrane.  Recent work

indicates that MS4A8B expression appears to be down-regulated upon activation of

primary B cells and, like CD20, is involved in modulating intracellular calcium (Lili

Deng and Julie Deans, unpublished data).

E.3. CD20 structure

Human CD20 is comprised of 297 amino acids with an expected molecular

weight of ~33 kDa (110-112).  Based on hydrophobicity data and lack of a signal

sequence, the membrane topology of CD20 had been proposed.  CD20 was predicted to

have four transmembrane spans, intracellular N- and C-terminal regions and a single,

small, non-glycosylated extracellular loop between the third and fourth transmembrane

spans (Figure I.4).  The predicted topology was subsequently confirmed by protease

digestion and flow cytometry using Abs generated against unique epitopes in the N- and
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Figure I.3.  Sequences of human and mouse CD20.  Sequences of human CD20

(hCD20) and mouse CD20 (mCD20) are aligned.  Identical amino acids are indicated in

red.  Putative transmembrane domains are underlined and highlighted in yellow.  Putative

CAMKII consensus serine/threonine residues are underlined and highlighted in blue,

while casein kinase II consensus serine residues are underlined and highlighted in green.
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        1                                                              60
 hCD20  MTTPRNSVNG TFPAEPMKGP IAMQSGPKPL FRRMSSLVGP TQSFFMRESK TLGAVQIMNG
 mCD20         MSG PFPAEPTKGP LAMQPAPKVN LKRTSSLVGP TQSFFMRESK ALGAVQIMNG

        61                                                            120
 hCD20  LFHIALGGLL MIPAGIYAPI CVTVWYPLWG GIMYIISGSL LAAT-EKNSR KCLVKGKMIM
 mCD20  LFHITLGGLL MIPTGVFAPI CLSVWYPLWG GIMYIISGSL LAAAAEKTSR KSLVKAKVIM

        121                                                           180
 hCD20  NSLSLFAAIS GMILSIMDIL NIKISHFLKM ESLNFIRAHT PYINIYNCEP ANPSEKNSPS
 mCD20  SSLSLFAAIS GIILSIMDIL NMTLSHFLKM RRLELIQTSK PYVDIYDCEP SNSSEKNSPS

        181                                                           240
 hCD20  TQYCYSIQSL FLGILSVMLI FAFFQELVIA GIVENEWKRT CSRPKSNIVL LSAEEKKEQT
 mCD20  TQYCNSIQSV FLGILSAMLI SAFFQKLVTA GIVENEWKRM CTRSKSNVVL LSAGEKNEQT

        241                                                           300
 hCD20  IEIKEEVVGL TETSSQPKNE EDIEIIPIQE EEEEETETNF PEPPQDQESS PIENDSSP
 mCD20  IKMKEEIIEL SGVSSQPKNE EEIEIIPVQE EEEEEAEINF PAPPQEQESL PVENEIAP
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Figure I.4.  CD20 topology.  Sequence information supported by protease digestion data

support the indicated topology of CD20. Putative phosphorylation sites, cysteines and

charged transmembrane residues are highlighted.  Presumed disulfide bond between

Cys167 and Cys183 is indicated by a dotted line.  Residues required for CD20 lipid raft

association are indicated by cross-hatching.  Peptides used to generate anti-CD20N (N)

and anti-CD20C2 (C2) are indicated.  The amino acids in the N- and C-terminal regions

as well as in the extracellular loop are indicated with adjacent numbers corresponding to

their position in the CD20 sequence.
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C-terminal regions (117).  A recent epitope mapping study has indicated that there may

also be an extracellular loop between the first and second transmembrane domains (131).

It is highly likely that this stretch of amino acid residues lies across the top of the plasma

membrane.

The third transmembrane domain contains a single charged residue (Asp137) and

six polar residues possibly forming an amphipathic helix (Figure I.3 and Figure I.4)

(111).  Acidic and polar residues are important for ion permeation through known

calcium and potassium channels, respectively (132-134).  A glutamic acid residue

similarly situated in the third transmembrane span of Orai1 has recently been shown to be

important for calcium selectivity of the channel (97) suggesting that Asp137 may also be

important in CD20 function.

The N-terminal region is ~50 amino acids long, while the C-terminal region is

comprised of ~94 amino acids (110-112).  The C-terminal region is highly charged with

25 acidic residues (22 glutamic acids, three aspartic acids) and eight basic residues (six

lysines, two arginines) (111).  There are no tyrosine residues or known signalling motifs

in the cytoplasmic regions, although there are a number of consensus sites for serine and

threonine phosphorylation (Figure I.3 and Figure I.4) (135).  There are at least two casein

kinase II consensus sites (S/TxxE; x represents any amino acid), both located in the C-

terminal region of CD20 at Ser231 and Ser289 (136).  A total of five putative CAMKII

consensus sequences (RxxS/T; x represents any amino acid) are located in the N-terminal

(Ser35 and Ser36) and C-terminal regions (Ser221, Ser225 and Thr239) (137), with these

sites possibly having elements of the specificity determinants for protein kinase C which

requires basic residues both N- and C-terminal to the serine or threonine (138).
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The CD20 sequence contains five cysteine residues (Figure I.4) (111).  One

cysteine (Cys81) is within the first stretch of hydrophobic residues and is situated in the

region between the first and second transmembrane regions.  Two cysteines (Cys167 and

Cys183) are in the single extracellular loop and likely form a disulfide bond.  The two

remaining cysteines are cytoplasmic, with one situated in the intracellular loop (Cys111)

and one in the membrane proximal stretch of the C-terminal region (Cys220).

Because of their proximity to the membrane, these two cysteines are potential

sites of reversible lipid modification by palmitoyl transferase.  Palmitoylation is required

for the lipid raft localization of a number of proteins including the Src family tyrosine

kinases Lyn and Fyn, several of the Gα signalling proteins and caveolin, a structural

protein of a class of lipid rafts, caveolae (139-141).  CD20 is constitutively present in

lipid rafts and the C-terminal membrane proximal residues 219-225 are required for this

localization (Figure I.4) (117, 118, 142).  One of the cytoplasmic cysteines, Cys220, is

within this stretch of residues.  However, mutation of Cys111 and Cys220 did not affect

CD20 association with lipid rafts (117) (Manjula Kalia and Julie Deans, unpublished

data).  Although not required for CD20 lipid raft localization, these cysteines may still be

palmitoylated as caveolin palmitoylation is not required for its caveolar localization

(140).

E.4. CD20-deficient mouse models

Two CD20-deficient mouse models with slightly differing phenotypes have been

reported in the literature.  In the first model, there were no reported differences in

differentiation and function of B lymphocytes as indicated by expression of cell surface
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markers, proliferation or calcium flux (143).  There were no changes in the expression of

a variety of B cell surface markers, including activation markers, on lymphocytes isolated

from bone marrow, spleen and Peyer’s patches.  CD20 gene disruption had little affect on

BCR- or LPS-mediated B cell proliferation as monitored using thymidine incorporation.

Serum immunoglobulin levels were also not influenced in un-immunized mice.  There

was no obvious difference in BCR-mediated intracellular calcium levels in splenic B cells

as determined using flow cytometry. A similar observation was made in splenic B cells

exposed to an increasing concentration of extracellular calcium.  The only obvious

phenotype, decreased numbers of B cells of the B1 subset, was attributed to the 129

mouse background on which this strain was established (143).

The second CD20 knockout mouse model was established on a different

background (C57BL/6) and, likely as a consequence, some differences were manifested

in comparison with wild type mice (120).  Normal levels of the different B cell subsets

are present in the CD20 deficient mice. However, cell surface IgM expression was

diminished in immature and mature B cells.  Likely as a consequence, there were fewer

CD5+ B1 cells but greater CD5- B1 cells within the peritoneal cavity as well as fewer

splenic B cells (IgMhi B220lo).  Consistent with the first mouse model, there was no

apparent difference in splenic B cell proliferation as shown by thymidine incorporation in

response to BCR engagement or LPS treatment.  Serum immunoglobulin levels were also

unchanged.  T cell dependent antibody responses appeared to be normal except for a

slight decrease in IgG3 isotype antibody suggesting a possible defect in isotype

switching. Resting and stimulated splenic B cells had similar overall levels of tyrosine

phosphosphorylation as well as comparable levels of activation-dependent
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phosphorylation of several downstream effectors including PLCγ, Btk, and MAPK.

Although B cell development, BCR signalling and proliferation were not affected,

disrupted expression of CD20 reduced BCR- and CD19-mediated calcium responses as

mentioned above.  BCR-stimulated splenic B cells had reduced calcium entry as

determined by flow cytometry.  However, this effect was more pronounced upon CD19

ligation despite equivalent expression of CD19 in both wild type and CD20 deficient

cells (120).

E.5. CD20 and lipid rafts

CD20 is associated with lipid rafts (142, 144) and its localization to these

microdomains is required for BCR-mediated cation entry (118).  Upon receptor

stimulation, the BCR transiently co-localizes with CD20 in the plasma membrane (145).

It is possible that it is in these lipid raft microdomains that CD20 localizes high

intracellular calcium levels to B cell receptors during the immediate phase of antigen

recognition.

E.6. Role of CD20 in B cell development and activation

CD20 is expressed from the pre B cell to the mature B cell stage of development,

but is not present upon terminal differentiation into plasma cells (146).  It is thought to be

a modulator of B cell development, activation and differentiation.  Evidence for this role

has primarily come from in vitro studies using anti-CD20 monoclonal antibodies (mAbs).

The anti-CD20 mAbs have several different effects on B cells depending upon the stage

of B cell activation.  1F5 anti-CD20 mAb uniquely induces B cell activation (147-150)
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characterized by the up-regulation of MHCII (150-152) and the oncogenes c-myc (149,

151, 152) and B-myb (153).  Concomitant stimulation of the cell surface receptor CD40

results in the additional up-regulation of c-myb (153) and is required for B cell

proliferation (154).  All anti-CD20 mAbs, including 1F5, have been shown to inhibit

terminal differentiation of mitogen stimulated B cells (148, 155).  It has been speculated

that anti-CD20 antibody prevents B cell proliferation after the G1 phase of the cell cycle

by preventing CD20 regulated calcium influx from being turned off (151).

CD40 appears to have a role in maintaining the conformation of CD20 as anti-

CD40 mAb reverses the effects of IL-4 on CD20.  IL-4 treatment of unstimulated or BCR

activated B cells down-regulates the epitope recognized by the anti-CD20 mAb, L27,

possibly as a result of a conformational change in CD20 (156).  CD40 ligation can

reverse this effect (156) as well as alone result in CD20 internalization in a PKC-

dependent fashion (157).  Both CD40 and IL-4 have important roles in the proliferation

of activated B cells.  Maintenance of CD20 conformation may be important in B cell

proliferation.

E.7. CD20 and B cell adhesion

Antibody studies have also implicated CD20 in modulating B cell adhesion.  1F5

anti-CD20 antibody increases expression of the adhesion molecules CD18 (lymphocyte

functional antigen (LFA)-1 β-chain) and CD58 (LFA-3), while reducing the expression

of one of its ligands, CD54 (ICAM-1) (151, 152).  Ligation of CD20 by B1 antibody,

directed against an epitope which is distinct from that of 1F5, can directly result in both

LFA-1-dependent and LFA-1 independent B cell homotypic aggregation (158, 159).
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Sub-optimal concentrations of antibody preferentially activate LFA-1- and PKC-

dependent aggregation, while higher concentrations of antibody initiate LFA-1- and

PKC-independent aggregation (158).  Another study indicates a more direct role of CD20

in adhesion.  MHCII- and CD40-induced B cell homotypic aggregation in LFA-1

deficient B cells can be abolished by the anti-CD20 mAb R21 (160).  R21 fails to prevent

MHCII and CD40 mediated homotypic adhesion in LFA-1 positive B cells, while alone

triggering LFA-1 dependent adhesion (160).  It is speculated that CD20 engagement by

R21 may activate a signalling pathway leading to LFA-1 dependent adhesion, while

inhibiting the pathway initiating LFA-1 independent adhesion (160).

E.8. CD20 phosphorylation

CD20 is basally phosphorylated in cell lines as well as in activated primary B

cells.  This phosphorylation can be enhanced by activation signals initiated by phorbol

12-myristate 13-acetate (PMA) as well as by ligation of cell surface BCR, CD40 and

CD20 itself (111, 113, 161-163).

The cytoplasmic N- and C-terminal tails of CD20 contain multiple putative

serine/threonine phosphorylation sites (Figure I.4) (137, 162, 163).  Phosphopeptide

mapping of CD20 isolated from untreated cells has shown that the 33 kDa form is

actually more heavily phosphorylated than the 35 kDa form (164).  PMA treatment

results in the phosphorylation of both the 33 kDa and 35 kDa species of CD20, but only

serine residues in the 33 kDa form are phosphorylated, while both serine and threonine

residues are phosphorylated in the 35 kDa form (113, 162).  On the other hand, BCR

stimulation results in phosphorylation of just the 33 kDa form of CD20 (163).
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The identity of the protein kinase (or kinases) responsible for phosphorylation of

CD20 in vivo is not yet been confirmed, however several lines of evidence suggest

several different protein kinases are likely candidates.  In vitro kinase assays indicate that

CD20 can be phosphorylated by several serine/threonine kinases including PKC, casein

kinase II and CAMKII (136, 137, 163, 164).  Tryptic mapping studies indicate

differences in the pattern of CD20 peptide phosphorylation by these kinases (136, 137,

164), which would help explain the presence of differentially modified populations of

CD20 in cells.

An additional level of regulation by PKC is indicated by the enhanced CD20

phosphorylation observed in resting tonsillar B cells treated with the PKC inhibitor H7

prior to PMA stimulation (163, 164).  These results suggest PKC may indirectly

modulate CD20 phosphorylation by either activating a protein phosphatase or inhibiting

another protein kinase.  Phosphopeptide maps from untreated cells compared to cells

treated with H7 treated prior to PMA stimulation show a differential increase in

phosphorylation of unique peptides in both the 33 kDa and 35 kDa forms of CD20 in the

presence of PKC inhibitor (164).  These differences in stimulation-dependent

phosphorylation states indicate that at least one kinase in addition to PKC is likely

responsible for modulation of CD20 phosphorylation (113, 162, 163).

As is the case with many other proteins, phosphorylation of CD20 may regulate

its function.  There appears to be a correlation between the degree of CD20

phosphorylation and its physiological role.  Hairy cell leukemia is a B cell

lymphoproliferative disease characterized by cells having increased phosphorylation of

CD20 with correspondingly high levels of intracellular calcium (165).  It is possible that



38

enhanced activity of calcium-activated kinases, specifically CAMKII, under these

conditions may link increased intracellular calcium and kinase activity to that of CD20

hyperphosphorylation (165).  CD20 is reduced in B cells following PMA treatment

suggesting its cell surface expression may be down-regulated by protein kinase C

activation (155).  This possibility is supported by a subsequent study in which PMA

treatment of cells similarly facilitated CD40-mediated CD20 internalization (157).

Interestingly, staurosporine, an inhibitor of protein kinase C as well as other kinases, can

antagonize this effect of PMA, but not the IL-4-mediated change in CD20 epitopic

conformation (156).

E.9. CD20 associated molecules

CD20 exists as an oligomeric complex.  Chemical cross-linking studies have

provided evidence that CD20 is capable of forming dimers and tetramers (114).  Results

obtained using equilibrium gradient centrifugation indicate that although CD20 is a

monomer in Raji B cell Triton X-100 lysates, it exists as at least a ~200 kDa complex in

digitonin (159) comprised primarily of CD20 with a ~45 kDa minor component (166).

This result supports the existence of CD20 tetramers (~140 kDa) as suggested by

chemical cross-linking, but not of CD20 dimers.  CD20 is capable of forming dimers

under non-reducing conditions in vitro and the tetramers observed in the equilibrium

gradient studies may be dimers of such dimers (166).

Several proteins have been shown to associate with CD20.  A protein of ~45 kDa,

perhaps having the same identity as the one observed to associate with CD20 in digitonin,

has previously been shown to co-precipitate with CD20 in NP40 lysis buffer (113).
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Under these same conditions, as yet unidentified 31 kDa and 200 kDa cell surface

proteins have also been shown to associate with CD20 (113).  This ~200 kDa protein may

be the same as one observed to associate with CD20 in Triton X-100 lysis buffer,

identified by mass spectrometry as myosin heavy chain (Haidong Li and Julie Deans,

unpublished data).  In addition to its functional association with MHCII and CD40, there

is evidence that both of these integral membrane proteins are also physically associated

with CD20 as determined by co-precipitation studies in CHAPS as well as, in the case of

MHCII, by flow cytometric electron transfer (153, 156, 160, 167).  In Triton X-100,

CD20 has been shown to be associated with tyrosine phosphorylated molecules of 50 to

65 kDa in size, subsequently identified as Src family kinases including Lyn (168), and the

recently identified p75/80, PAG (48, 113, 168).  CD20 association with the Src family

kinases has been shown to be indirect (169).  Since these Src family kinases and PAG are

enriched in lipid rafts, their association with CD20 may be a consequence of their

common localization (135).

F.  Hypothesis

CD20 monomers assemble into homo-oligomeric complexes that associate with

additional components to regulate BCR activated calcium entry.

G.  Rationale

CD20 is clearly involved in BCR-mediated calcium entry, although its specific

role in this process is not known.  There are several possibilities for its role including 1)

CD20 is itself a calcium channel, 2) CD20 is associated with a channel thereby regulating
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calcium flux via an adjacent channel, or 3) CD20 initiates signals which modulate a

calcium channel.  CD20 phosphorylation state can be modulated by signals generated by

B cell surface molecules (111, 113, 161-163).  Chemical cross-linking studies have

indicated that CD20 can form tetramers (119).  Subsequent studies have indicated that

CD20 exists in a complex of at least 200 kDa comprised of CD20 likely in association

with at least one other protein (159).  Therefore, I sought to identify and characterize

CD20 associated proteins to better understand its role in BCR-mediated calcium entry as

well as its involvement in B cell adhesion and cell cycle regulation.

H.  Objectives

H.1.  To identify the components of the CD20 multimeric complex

H.1.1. Number of CD20 molecules within the complex

H.1.2. Additional proteins and/or lipids within the CD20 complex

H.1.2.1. Cell surface proteins

H.1.2.4. Cholesterol

2.  To examine the dynamics of the components of the CD20 complex in response to

BCR signalling

H.2.1. Lipid raft dependence

H.2.2. Recruitment of additional proteins to the CD20 complex

H.2.2.2. Phosphoproteins

H.2.2.3. Calmodulin-binding proteins
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II.  MATERIALS AND METHODS

A.  Cells

HEK293 cells were grown in DMEM/10% Fetal Bovine Serum (FBS).  BJAB and

Ramos Burkitt’s lymphoma B cell lines were maintained in RPMI/7.5% FBS.  Previously

established BJAB B cells ectopically expressing GFP-tagged to the amino terminus of

wild type CD20 (CD20) (142) as well as Molt4 T cells stably expressing CD20 (Molt

4.CD20), empty vector (Molt 4.V) or one of several CD20 N-terminal (NΔ50) and C-

terminal (CΔ219-225; CΔ226-252; CΔ252; CΔ277) cytoplasmic deletion mutants (117,

168) were grown in RPMI/10% FBS with 1mg/mL geneticin for maintenance (Table

II.1).  Chinese hamster ovary (CHO) cells stably expressing either CD20 (CHO.CD20) or

empty vector (CHO.V) were grown in αMEM/10% FBS with 0.5mg/mL geneticin for

maintenance (118).

              Table II.1.  Amino Acid Residues Deleted in CD20 Mutant Constructs
CD20 Deletion Construct Amino Acids Deleted
NΔ50 1-49
CΔ219-225 219-225
CΔ226-252 226-252
CΔ252 253-297
CΔ277 278-297

B.  Antibodies

Flow cytometry and some immunoprecipitations were performed using the anti-

CD20 monoclonal antibodies:  B1 (IgG2a; Coulter, Miami, FL, USA), 2H7 (IgG2b;

provided by Dr. J. Ledbetter, Seattle, WA), NK1 (IgG2b; provided by Dr. A. Hekman),



42

R21 (IgM; provided by Dr. W. Mourad, Montreal, QB) and FMC7 (IgM; Serotec,

Raleigh, NC, USA).  Other anti-CD20 antibodies were obtained from the human

leukocyte differentiation workshops IV, VI, and VII.  The antibodies obtained from the

workshops were as follows:  B-H20 (IgG2a), ICO-165 (IgG2a), MEM-97 (IgG1), AT80

(IgG1), LT20 (IgG1), CAT13.7H (IgG1), and CAT13.6E (IgG2a).  Other cell surface

markers were detected using anti-CD45 (9.4; IgG2a; provided by Dr. J. Ledbetter,

Seattle, WA) and anti-CD32 (IgG1; Serotec, Raleigh, NC) mAbs.  Isotype control

antibodies included IgG2a (Southern Biotechnology Associates, Birmingham, AL, USA),

IgG2b (Sigma, St. Louis, MO, USA), IgG1 (Southern Biotechnology, Birmingham,AL)

and IgM (Sigma, St. Louis, MO, USA).  Bound unlabeled antibody was detected by using

FITC-conjugated goat anti-mouse IgG (Southern Biotechnology Associates,

Birmingham, AL, USA) and FITC-conjugated goat anti-mouse IgM (Caltag, Burlingame,

AL, USA) antibodies.

The majority of immunoprecipitation and blotting for CD20 was performed using

previously described anti-CD20 rabbit sera CD20N or CD20C2, directed against an

intracel lular  N-terminal  epi tope (ant i -CD20N; res idues  25-41;

SGPKPLFRRMSSLVGPT) and intracellular C-terminal epitope (anti-CD20C2; residues

280-297; PEPPZDQESSPIENDSSP), respectively (117, 145).  Additional CD20

immunoprecipitation was performed using rituximab (IDEC Pharmaceuticals, San

Francisco, CA) conjugated to Aminolink coupling gel using the method outlined by

Pierce (Rockford, IL) with human IgG (Fitzgerald Industries International Ltd, Concord,

MA) similarly conjugated to beads as control.  CD20 labeling was done using the L26

monoclonal antibody.  Additional antibodies used for immunoprecipitation included
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rabbit anti-GFP (provided by Dr. L. Berthiaume, Edmonton, AB), anti-CD45 (9.4;

provided by Dr. J. Ledbetter, Seattle, WA) and anti-MHCII (HB10a; provided by Dr. J.

Ledbetter, Seattle, WA).  Antibodies directed against human IgM BCR used for

immunoprecipitation, labeling, stimulation and blotting included unlabelled and

biotin/Cy3/horse radish peroxidase (HRP)-conjugated F(ab’)2 fragment goat anti-human

IgM Fc5µ   fragment specific antibody and Fab fragment goat anti-human IgM Fc5µ

fragment specific antibody (Jackson ImmunoResearch Laboratories, West Grove, PA).

Preimmune CD20C2 rabbit serum and goat serum as well as (human IgG) non-immune

rabbit IgG (Cedarlane, Hornby, ON) were used as controls for immunoprecipitation

where appropriate.  Additional blotting antibodies included biotin- labeled anti-

phosphotyrosine (4G10), prepared using the method provided by Pierce, and anti-

phosphoserine/threonine (BD Transduction Labs, Oakville, ON).  Secondary blotting

antibodies included protein A-HRP (Biorad, Mississauga, ON), neutralite avidin-HRP

(Southern Biotech, Birmingham, AL) and goat anti-mouse IgG (H+L)-HRP (Chemicon

International Inc, Temecula, CA) for visualization using a Flour-S MAX imager (Biorad,

Mississauga, ON) as well as IR Dye 800 CW streptavidin (LI-COR Biosciences, Lincoln,

NE) and IR dye 700 DX conjugated affinity purified goat anti-rabbit IgG (H+L)

(Rockland, Gilbertsville, PA) used for visualization using an Odyssey Infrared Imaging

System (LI-COR Biosciences, Lincoln, NE).  The ganglioside GM1 was detected using

biotin-labeled cholera toxin B subunit (CTX; Sigma, Saint Louis, Missouri).  Indirect

labeling was performed using Cy3-conjugated streptavidin (Jackson ImmunoResearch

Laboratories, West Grove, PA), Cy3-conjugated goat anti rabbit IgG (H+L) (Jackson

ImmunoResearch Laboratories, West Grove, PA) Cy3 conjugated F(ab’)2 fragment goat
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anti-mouse IgG (H+L), (Jackson ImmunoResearch Laboratories, West Grove, PA) or

streptavidin-Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) where

appropriate.  Biotinylated calmodulin, bovine brain (Calbiochem, San Diego, CA) was

used for the calmodulin overlays.

C.  Transfections

Transfection of HEK293 cells was performed using constructs and methodology

described previously (159).  Briefly, the cells were grown to ~50% confluence and

transfected by the calcium phosphate method with 20 µg human CD20 or extracellular

domain mutant construct cDNA (Table II.2).  At 2 days post-transfection, cells were

washed with phosphate-buffered saline (pH 7.2) (PBS; 140mM NaCl, 2.5mM KCl,

10mM Na2HPO4, 2mM KH2PO4), lifted off the culture plates by scraping, and then

divided for analysis by flow cytometry or for lysis and immunoprecipitation.  For

experiments addressing the quantity of subunits within the CD20 complex, cells were

transfected with 5µg CD20 and 15µg CD20.CΔ277 cDNA constructs.

Table II.2.  Amino Acid Residues Substitutions in CD20 Extracellular Loop
Mutants
CD20 Construct Extracellular Loop Mutations
human AxP at positions 170 to 172
AxP/SxS residues AxP (positions 170 to 172) in hCD20 converted to

murine residues SxS at equivalent positions
h/m CD20 residues 142 to 184 in hCD20 converted to murine residues at

equivalent positions
SxS/AxP residues SxS (positions 162 to 164) in mCD20 converted to

human residues AxP at equivalent positions
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D.  Immunofluorescence flow cytometry

Cells (1 X 106 per sample) were incubated in PBS/2% FBS with FMC7, anti-

CD20, or control mAbs, either at room temperature for 15 min or on ice for 30 min.

Bound antibody was detected with FITC-conjugated secondary antibody and a FACScan

cytometer (Becton Dickinson, San Jose, CA, USA).  Mean fluorescence values were

obtained using a log scale.  Isotype controls were gated so that the fluorescence was

within a consistent range.  Calibration beads (CaliBRITE Beads; Becton Dickinson) and

FACSComp software (Becton Dickinson) were used daily to monitor instrument

performance, set fluorescence compensation and maintain quality control.  CellQuest Pro

software (Becton Dickinson) was used for data analysis.

E.  Biotinylation

Biotinylation of intact cells was performed using 1mg/mL biotin (Pierce,

Rockford, IL) for 1 X 108 cells/mL in PBS for 10min at room temperature.  Unreacted

biotin was quenched with a final 50 mM TRIS-HCl (pH 7.5) for an additional 10 min.

Cells were pelleted, the supernatant aspirated and then washed four times with a vast

excess of PBS.  Cells were then resuspended at an appropriate final density (2 X 107

BJAB cells or 5 X 107 Ramos cells/sample) for lysis, cholesterol depletion or receptor

stimulation.

F.  Cholesterol modulation

Using previously established conditions, Ramos cells (1 X 107 cells/mL in PBS)

were treated with 10mM methyl-beta-cyclodextrin (MβCD; Sigma, Oakville, ON,
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Canada) or with cholesterol: MβCD complex (1.4 mM cholesterol in 10 mM MβCD)

(Sigma) for 15 min at room temperature, and washed prior to labeling or lysis (46, 48).

Where indicated, cells were treated with cholesterol:MβCD complex at 15 min intervals

for 2 h. Subsequent labeling steps were performed in PBS to avoid cholesterol repletion

by FBS.

G.  Immunoprecipitation

For immunoprecipitations, cells were washed, pelleted and lysed in 1% Triton X-

100 or 1% digitonin lysis buffer containing protease inhibitors (1 µg/mL aprotinin, 1

µg/mL leupeptin, 1 mM NaVO4, 1 mM NaMoO4, 1 mM phenylmethylsulfonyl fluoride

[PMSF], 1 mM EDTA) for 15min on ice.  The detergent insoluble material was pelleted

at 13 000g for 15 min at 4oC. Residual detergent insoluble material was cleared using a

Beckman TL-100 ultracentrifuge at 100 000g for 1 hr at 4oC for the indicated

experiments.  The soluble lysates were transferred to clean tubes and incubated with or

without antibody for at least 2 hrs on ice at 4oC followed by the addition of either protein

A sepharose, protein G sepharose or avidin beads depending upon the

immunoprecipitating antibody.  Samples were rotated for 1 – 2 hrs, pelleted and then

washed three times with 0.1% to 1% detergent lysis buffer, alternating between high salt

(500 mM NaCl) and low salt (150 mM NaCl) containing buffers, and once with PBS all

containing protease inhibitors.  Proteins that were immunoprecipitated using antibody

directly conjugated to beads were rotated overnight.  The immunoprecipitated proteins

were solubilized in 2X sodium dodecyl sulfate (SDS) sample buffer.
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H.  Cell stimulation

Unlabelled or biotinylated cells and stimulating antibody were equilibrated on ice

or at 37oC prior to stimulation.  Cells were untreated or stimulated with F(ab’)2 or Fab

fragment goat anti-human IgM Fc5µ fragment specific antibodies (50 µg antibody/1 X

108 cells) at the temperatures and times indicated.  Cell stimulations were halted with

either the addition of an equal volume of 2% digitionin lysis buffer containing twice the

concentration of inhibitors or rapidly pelleting the samples at 4oC, aspirating the

supernatant and adding an appropriate volume of 1% digitonin lysis buffer containing

protease inhibitors.  The serine/threonine phosphatase inhibitor microcystin-LR (1 µM;

provided by Dr. S. Lees-Miller) was included in the lysis buffer for experiments

examining CD20 association with serine/threonine phosphorylated proteins.  After at

least 15 min lysis on ice, detergent insoluble matter was pelleted and the soluble lysate

was transferred to clean eppendorf tubes and small aliquots combined with sample buffer

in separate eppendorf tubes (pre IP lysates) prior to immunoprecipitation.  When testing

the requirements for cell surface immunoglobulin dissociation from CD20 in lysate,

biotinylated B cell lysate was incubated with F(ab’)2 anti-µ antibody for 15 min on ice

before immunoprecipitation.

To test the requirements of signalling events on the dissociation of cell surface

immunoglobulin from CD20, cell surface biotinylated cells were treated with inhibitor

using previously established conditions (142, 170, 171).  Ramos B cells (5 X 107

cells/sample) were treated with DMSO, 10 µM staurosporine for 15 min, 50 µg/mL

piceatannol (provided by Dr. S. Robbins) for 30 min, or 100 µM PP2 for 5 min at 37oC.
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Cells were untreated or stimulated with anti-µ  for 5 min at 37oC, lysed and

immunoprecipitated.

I.  Calmodulin pulldown

Ramos B cells (1 X 109 cells/sample) were stimulated with anti-µ antibody for 5

min at 37oC.  Cells were lysed, cleared and then divided for immunoprecipitation.

Immunoprecipitated protein was eluted from the beads using 100 mM glycine (pH 2.5)

and neutralized with a final concentration of 100 mM TRIS-HCl (pH 8.0).  Eluted protein

was concentrated using centrifugal devices with a 5000 kDa molecular weight cut-off

(Amicon, Bedford, MA).  Calmodulin-conjugated beads (provided by Dr. M. Walsh)

were added to the concentrated samples to pull down calmodulin binding proteins.

Samples were resuspended in sample buffer, analysed by SDS-PAGE and proteins

visualized using PageBlue Protein Staining Solution (Fermentas, Burlington, ON).

J.  Western blotting and calmodulin overlay

Proteins in samples were separated by SDS-PAGE under reducing conditions and

transferred to Immobilon P membranes (Millipore, Bedford, MA).  Prestained MW

markers (New England Biolabs, Beverly, MA) were run on each gel.  Membranes were

blocked with 5% BSA/ TTBS (0.05% Tween-20, 20 mM TRIS-HCl (pH 7.5), 150 mM

NaCl), blotted using either unlabeled antibody and detected using the appropriate HRP

conjugated secondary or HRP directly conjugated antibody.  Proteins were visualized

using enhanced chemiluminescence (Pierce, Rockford, IL) and recorded using a Fluor-S

MAX imager (Biorad, Mississauga, ON).
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Most samples for calmoduin overlay were prepared as for western blot analysis

except 1 mM CaCl2/ TBS (20 mM TRIS-HCl (pH 7.5), 150 mM NaCl) buffer was used

in all steps and the membranes were incubated in 4 µg biotinylated calmodulin/mL 5%

BSA/1 mM CaCl2/TBS followed by the appropriate secondary.  For the experiment

demonstrating the specificity of calmodulin binding, 1 mM CaCl2 was substituted with 5

mM EDTA.

For the indicated calmodulin overlay, samples were run on SDS-PAGE reducing

gels and transferred to nitrocellulose at 50 V for 1.5 hr plus 100 V for 30 min.  The

membrane was washed in PBS, blocked for 1.5 hr in 1 mM CaCl2/Odyssey Infrared

Imaging System Blocking Buffer followed by a 1.5 hr incubation with 4µg biotinylated

calmodulin/mL Odyssey Infrared Imaging System Blocking Buffer containing 1 mM

CaCl2 and 0.1% Tween.  The membrane was then washed four times in 0.1% Tween-

20/PBS, incubated with streptavidin-800 CW/0.1% Tween-20/1 mM CaCl2/Odyssey

Infrared Imaging System Blocking Buffer for one hour, washed with 0.1% Tween-

20/PBS, rinsed with PBS and scanned using the LI-COR Odyssey System.  The

membrane was reblotted for CD20 to confirm loading using a similar method except

incubating with anti-CD20C2 followed by goat anti-rabbit IgG-700 DX secondary

without adding calcium to the buffer.

K.  Equilibrium gradient centrifugation

Cleared digitonin lysates prepared from untreated or MβCD treated Ramos cells

(1 X 108 cells/sample) were layered onto a 5% to 40% linear sucrose gradient containing

0.5% to 1% digitonin and centrifuged in a Beckman L8-70M ultracentrifuge at 170 000g
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for 17 hr at 4oC using a SW41 rotor.  Fractions (1 mL) were collected from the top of the

gradients with the size of the protein complexes becoming correspondingly larger with

fraction number. Equal aliquots of each fraction were mixed with SDS sample buffer.

CD20 and BCR containing samples were identified by western blot analysis.

L.  Sucrose density gradient centrifugation

Detergent resistant rafts were isolated by sucrose density gradient centrifugation

as described previously (142).  Briefly, Ramos (1 X 108/sample) and unstimulated or

Cy3-F(ab’)2 fragment goat anti-human IgM Fc5µ  fragment specific antibody stimulated

BJAB CD20.GFP (5 X 107/sample) cells were lysed in 1 mL 1% Brij-58 lysis buffer

containing inhibitors as described above.  Lysates were dounce homogenized with fifteen

strokes and combined with an equal volume of 80% sucrose/MBS for a final 40%

solution.  Discontinuous density gradients were made by layering 5 mL 30%

sucrose/MBS on top of the 40% layer followed by 5 mL 5% sucrose/MBS.  Samples

were centrifuged in a Beckman L8-70M ultracentrifuge at 170 000g for 17 hr at 4oC

using a SW41 rotor.  Fractions (1.5 mL) of the Ramos gradients were collected from the

top of the gradient with fractions being numbered from top to bottom.  Equal aliquots of

each fraction were combined with SDS sample buffer for subsequent western blot

analysis.  For microscopy, BJAB CD20.GFP detergent resistant membrane (DRM)

fractions were concentrated in MBS using a Beckman L8-70M ultracentrifuge at 170

000g for 1 hr at 4oC using a SW41 rotor.  After decanting the supernatant, the pellets

were resuspended in MBS containing inhibitors and transferred to chilled eppendorf

tubes.  Unstimulated BJAB CD20.GFP samples were fixed at a final 1% PFA for 20 min
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on ice, pelleted and the supernatant removed for subsequent counter-staining.

M.  Immunofluorescence microscopy

BJAB CD20.GFP DRM samples were resuspended in cold PBS containing

inhibitors, aliquoted into eppendorf tubes (~2 X 106 cell equivalents/50 µL sample) and

incubated with unlabeled, Cy3-conjugated or biotin-conjugated reagent for a minimum

30 min on ice.  Samples were pelleted at 13000g for 15 min at 4oC, washed with cold

PBS with inhibitors and then incubated with appropriate secondary for 30 min on ice.

Samples were pelleted and washed once again, resuspended in PBS with inhibitors and

mounted onto slides.  Samples stimulated using directly conjugated Cy3 antibodies prior

to raft isolation were mounted directly onto the slides.  Imaging was performed using the

Delta Vision Image Restoration Microscopy System (Applied Precision, Issaquah, WA),

the images were scaled using SoftWorX image analysis software and analysis performed

using Colocalizer Pro software (Colocalization Research Software, Boise, ID).
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III.  CD20 IS THE MAJOR COMPONENT IN AN OLIGOMERIC COMPLEX

A.  Introduction

Since CD20 had been shown to be involved in BCR-mediated calcium entry,

there is a possibility that CD20 itself forms a calcium channel.  Many channels are

comprised of four, five, or six subunits assembled together to form a pore (172).  Cation

channels such as the TRP channels are capable of assembling into hetero-oligomers as

well as homo-oligomers (173, 174).  The newly identified CRAC channel, Orai1, has a

topology similar to CD20 and is capable of forming homo-oligomers (95-98).  The first

evidence of homo-oligomerization of CD20 came from studies using a membrane

permeable chemical cross-linker which suggested that the CD20 monomer can aggregate

to form dimers and tetramers (114).  However, chemical cross-linking can sometimes

provide artificial results.  Depending upon the reagent, cross-linking may be inefficient

because some proteins may not contain enough available or appropriate residues for

covalent attachment to the reactive group(s) of the cross-linker.  As well, the length of the

spacer in the cross-linking reagent may not be long enough to extend between adjacent

molecules.  At the other extreme, chemical cross-linking may cause excessive non-

specific aggregation of proteins.

Another approach that can be used to examine protein multimerization is

equilibrium gradient centrifugation.  This is a method whereby native protein complex

size is determined by its localization in a linear sucrose gradient after solubilization in

detergent.  Since detergents differentially preserve the complexity of transmembrane and



53

associated proteins, the size of the protein complex is influenced by the detergent used, as

well as the nature of the protein-protein interactions (175).

My earlier results from equilibrium gradient centrifugation studies indicated that

CD20 migrates as a monomer in Triton X-100 lysates, but as a complex of at least 200

kDa in digitonin lysates prepared from Raji B cells (159, 166).  Digitonin lysates

prepared from other B cell lines were also fractionated by equilibrium gradient

centrifugation and analysed by CD20 western blot.  The results revealed that the size of

the CD20 complex in digitonin lysates appears to be consistent across B cell lines,

suggesting that CD20 likely associates with the same or similar proteins in the various

cell lines tested.  The size of the complex supports the existence of CD20 tetramers (~140

kDa), as shown by chemical cross-linking, but not of CD20 dimers.  CD20 is capable of

forming dimers under non-reducing conditions in vitro and the oligomers detected in the

equilibrium gradient studies may be dimers of such dimers (166).

Since the equilibrium gradient results were consistent with those obtained by

chemical cross-linking, it seemed possible that the CD20 complex in digitonin reflected

the existence of a similar complex in intact cell membranes.  Digitonin has been

successfully utilized to maintain transmembrane complexes that are labile in other

detergents and, as a result, would not have been detected otherwise.  For example, the

BCR complex, which is composed of cell surface IgM or IgD associated with Igα/β, is

labile in NP-40 (176, 177), but preserved in digitonin (178).  However, there was still the

possibility that the CD20 complex in digitonin may not have been representative of the

CD20 multimer in the plasma membrane.  Digitonin lysis may have artificially

aggregated proteins by not solubilizing the plasma membrane sufficiently or by
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encouraging hydrophobic interactions between various solubilized transmembrane

proteins.  In this chapter, evidence supporting the physiological relevance of the CD20

complex isolated in digitonin is presented.  In addition, co-precipitation studies were

carried out to demonstrate the ability of CD20 to form homo-oligomers as well as to

determine the number of CD20 monomers within the complex.

B.  Results

B.1. Evidence that CD20 exists as a multimer in the plasma membrane

Epitope mapping studies have demonstrated that two common anti-CD20

antibodies, 2H7 and B1, elicit different responses upon CD20 ligation as a result of their

different specificities (159).  2H7 binding is dependent upon a non-continuous series of

amino acids (INxxNxxxAxP; residues 162 to 172 with x indicating the identical amino

acid at the same position in both murine and human CD20 sequences) in the CD20

extracellular loop, while B1 binding requires only AxP (residues 170 to 172 with x

indicating the identical amino acid at the same position in both murine and human CD20

sequences) to retain its epitope (refer to Figure I.3 and Figure I.4) (159).  The 2H7 anti-

CD20 mAb can precipitate only a small fraction of CD20 protein from Triton X-100

lysates compared to B1, even though analysis by flow cytometry indicates that it binds at

least as well as B1 to CD20 at the cell surface (142, 144, 159).  We hypothesized that the

2H7 mAb can only recognize CD20 in its native form, which might be preserved in

digitonin lysates, whereas it cannot recognize the monomeric form of CD20 in Triton X-

100 lysates.  If this were true, then 2H7 should be as effective as other CD20 antibodies
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in immunoprecipitating CD20 from digitonin lysates.  To test this hypothesis, CD20

immunoprecipitations were performed from cell lysates prepared with either digitonin or

Triton X-100.  Immunoprecipitation of CD20 by 2H7 was indeed as effective as B1 when

cells were lysed in digitonin (Figure III.1). Note that differentially phosphorylated CD20

is detected as a 33kDa/35kDa doublet by immunoblot (162).  Specific recognition of the

CD20 complex in digitonin lysates by the 2H7 antibody, which only recognizes

extracellular conformational epitopes of CD20, suggested that the CD20 complexes

present in digitonin lysates maintain the native configuration of CD20 in the plasma

membrane.  Since digitonin likely maintained a physiologically relevant complex,

digitionin was used in subsequent experiments directed at identifying and characterizing

CD20-associated proteins.

B.2. CD20 exists as a homo-oligomeric complex

In order to determine the major component(s) of the CD20 complex, Ramos B

cells were lysed in digitonin and CD20 was immunoprecipitated using rituximab

antibody that had been covalently conjugated to Sepharose beads.  Co-precipitated

proteins were separated by SDS-PAGE and visualized by PageBlue Protein Staining

Solution.  Upon comparison with control, the most prominent specifically stained

proteins in CD20 immunoprecipitates were ~30 kDa, ~33 kDa and ~35 kDa (Figure

III.2).  Mass spectrometry analysis of the 33 kDa and 35 kDa bands excised from the

PageBlue protein stained gel was performed.  Peptide mass fingerprint data indicated

that, although there was a possibility that the matches were random, the most likely

match was with MS4A1 (CD20) having 20% (33 kDa band) and 25% (35 kDa band)
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Figure III.1.  The CD20 complex in digitonin is recognized by an antibody against a

conformational epitope.  Raji B cells (3 X 107 cells/sample) were lysed in either 1%

Triton X-100 or 1% digitonin.  Cleared lysates were immunoprecipitated with either

isotype control mAb (IgG2b) or CD20 mAb (B1 and 2H7).  CD20 immunoblots were

performed (upper panel) and were analyzed by densitometry (lower panel) and the

relative density of the CD20 bands was expressed as the percent of the amount

precipitated by B1.  Arrows indicate CD20 which migrates as a 33/35 kDa doublet due to

differential phosphorylation.  Data are representative of three experiments.
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Figure III.2. CD20 is the primary component of an oligomeric complex retained in

digitonin.  Ramos B cells (2 X 108 cells/sample) were lysed in digitonin.  Cleared lysate

was divided into two samples.  One sample was immunoprecipitated using human IgG-

conjugated beads (CT), while the other sample was immunoprecipitated using rituximab-

(CD20) conjugated beads.  Samples were run on SDS-PAGE and the proteins visualized

using Fermentas PageBlue Protein Staining Solution.  Arrows indicate protein bands

corresponding with immunoprecipitating antibody heavy (IP HC) and light (IP LC)

chains as well as the 33/35 kDa CD20 doublet.  Data are representative of at least ten

experiments.
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sequence coverage.  These results supported the probability that CD20 was the most

abundant protein in the complex, indicating homo-oligomerization of CD20 monomers.

Mass spectrometry analysis of the  ~30 kDa protein indicated that it was a degradation

product of the immunoprecipitating antibody.

Additional, specific protein bands, although not obvious in Figure III.2, were also

detected suggesting CD20 association with other proteins.  The most prominent migrated

at ~80 kDa.  Some bands were detected only in the control sample, but not in the CD20

immunoprecipitate (Figure III.2).  Although the same volume of antibody conjugated

beads was added to both samples, more control antibody was conjugated to the beads,

thereby increasing the quantity of non-specific proteins immunoprecipitated.  As well, the

control human IgG antibody, which was a mixture of IgG isotypes, is not an exact match

for the chimeric rituximab CD20 mAb, which has mouse variable domains fused to

human IgG1 constant regions.

To further examine the ability of CD20 to form stable oligomers, we utilized

BJAB B cells stably expressing GFP-conjugated CD20 (CD20.GFP) as well as

endogenous CD20.  The two forms of CD20 could be distinguished by size using SDS-

PAGE.  GFP was then immunoprecipitated and the samples analysed by CD20 western

blot.  The specificity of the anti-GFP antibody had previously been confirmed.  BJAB B

cells were lysed in digitonin and immunoprecipitated for either GFP or CD20.  Western

blot analysis revealed the presence of CD20 in only the positive control and not in the

anti-GFP antibody immunoprecipitate.  Although the immunoprecipitating antibody

specifically detects CD20.GFP, endogenous CD20 co-precipitated with CD20.GFP,

confirming the homo-oligomerization of CD20 (Figure III.3).  Immunoprecipitation using
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Figure III.3.  CD20 forms homo-oligomers.  BJAB B cells stably expressing

CD20.GFP (2 X 107 cells/sample) were lysed in digitonin.  Cleared lysates were

immunoprecipitated with non-immune rabbit IgG control (CT), anti-GFP rabbit serum

(GFP) or anti-CD20 rabbit serum (CD20).  Samples were analysed by CD20 western

blot.  Note the co-precipitation of endogenous CD20 with CD20.GFP.  Arrows indicate

CD20.GFP and endogenous CD20.  Data are representative of four experiments.
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an antibody directed against CD20 brought down CD20.GFP and endogenous CD20 in

proportions of approximately 1:2 respectively, consistent with their relative abundance in

total lysates.

Although these data confirmed that CD20 has the capacity to form homo-

oligomers, the number of CD20 monomers in the complex could not be determined using

this system because CD20.GFP is over-expressed and the amount of co-precipitated

endogenous CD20 would not necessarily reflect an accurate ratio of association.  Ideally,

if exogenous CD20.GFP was expressed at a low enough level so that only one molecule

would be present per complex, the number of endogenous CD20 associated molecules

could be estimated.  There was also the additional concern of GFP dimerization (179),

since this could lead to artifactual oligomerization and, in turn, an overestimation of the

extent of CD20 aggregation.

B.3. CD20 is likely a tetramer

In order to further examine the homo-oligomerization of CD20 and to try to

determine the number of CD20 molecules in the complex, a GFP-independent

experimental system was used that allowed limiting expression and immunoprecipitation

of a truncated form of CD20 that could be distinguished from wild type CD20 by size on

immunoblots and which lacks an epitope present in the co-expressed CD20 protein.

Differing amounts of wild type CD20 (CD20) and CD20 lacking the membrane distal C-

terminal amino acid residues 278 to 297 (CD20.CΔ277) were transiently co-expressed in

HEK293 cells (which do not express endogenous CD20).  It was anticipated that

truncation of the C-terminus would not affect complex formation, since there was no
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detectable disruption upon deletion of the majority of the CD20 cytoplasmic C-terminal

region, as previously determined by equilibrium gradient centrifugation (166).

First, we confirmed that the anti-CD20C2 antibody, which was generated against

residues 280-297, could immunoprecipitate CD20 but not CD20.CΔ277 from Molt-4 T

cells independently transfected with one or the other construct (Figure III.4).   Then, the

two constructs were co-transfected with CD20 in limiting amounts.  It was expected that

their ratio of association, measured at the lowest detectable amount of CD20, would

predict the total number of CD20 molecules in each complex (180).  In other words,

reduced expression of one form of CD20 would dilute it sufficiently so that only one

molecule would be present within each complex comprised primarily of the other, more

abundantly expressed population of CD20 molecules.  The ratio of the two forms of

CD20 would then reflect the number of molecules within each oligomer.

The optimal conditions for transient transfection of HEK293 cells with CD20

construct using the calcium phosphate method had previously been established by flow

cytometry (166).  Transfection with 2 µg DNA construct provided the lowest detectable

amount of CD20, while 20 µg of DNA construct gave optimal expression.  CD20

expression was maximal two to three days post-transfection.  Based on these criteria, 20

µg total cDNA was transfected with no less than 2 µg of either construct.

CD20 and CD20.CΔ277 constructs were transiently expressed in HEK293 cells

with CD20 in limiting amounts (Figure III.5, lane 4).  After digitonin lysates were

prepared, CD20 was immunoprecipitated with anti-CD20C2.  Samples were then blotted

with anti-CD20N rabbit serum.  Western blot analysis revealed that one molecule of

CD20.CΔ277 was immunoprecipitated with anti-CD20C2 for every three molecules of
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Figure III.4.  Anti-CD20C2 detects wild type CD20 but not CD20.CΔ277.  Molt-4 T

cells (5 X 106 cells/sample) expressing wild type CD20 (CD20) or a deletion mutant

lacking the C-terminal twenty amino acids (CD20.CΔ277) were lysed in digitonin.

Cleared lysates were immunoprecipitated with non-immune rabbit IgG control (CT),

rabbit serum generated against CD20 N-terminal residues 25-41 (CD20N) or rabbit

serum generated against CD20 C-terminal residues 280-297 (CD20C2).  Samples were

analysed by western blot using CD20N rabbit serum specific for epitopes present in

CD20 and CD20.CΔ277.  Data demonstrates the specificity of the anti-CD20 rabbit sera

and shows the migration of CD20.CΔ277 relative to CD20.
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Figure III.5.  CD20.CΔ277 co-precipitates with wild type CD20 in a 1:3 ratio.

HEK293 cells transiently co-transfected with wild type CD20 (CD20; 5µg) and a deletion

mutant lacking the C-terminal twenty amino acids (CD20.CΔ277; 15µg) were lysed in

digitonin.  Cleared lysates were immunoprecipitated with non-immune rabbit IgG control

(CT) or anti-CD20C2 rabbit serum (duplicate samples shown).  Samples were analysed

by CD20N western blot.  Densitometry was performed and the relative density of the

CD20 bands was expressed as a ratio of CD20 to the density of CD20.CΔ277. Arrows

indicate CD20 and CD20.CΔ277.  Data are representative of two experiments.
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CD20 (Figure III.5, lanes 2 and 3).  This result was the reverse of the expected, since

CD20 had been transfected in limiting amounts.  However, similar results were obtained

when even lower, but still detectable amounts of CD20 were cotransfected with

CD20.CΔ277.  Additional experiments indicated that upon transfection and expression of

higher amounts or higher proportions of CD20 compared with CD20.CΔ277, the wild

type construct had a strong propensity to form homo-oligomers.  It was only when very

low levels of CD20 were transfected that mixed oligomers could be observed.  This may

have occurred as a result of the immediate formation of oligomers upon protein

translation with minimal subsequent mixing.  These data are consistent with the evidence

from chemical cross-linking (114) and equilibrium gradient centrifugation (159)

experiments, and suggest that the CD20 complex includes a total of four CD20

molecules.

C.  Discussion

The results described here support the existence of CD20 homo-oligomeric

molecular complexes within the plasma membrane in the absence of chemical cross-

linking.  The complexes retained in digitonin are comprised primarily of CD20 molecules

in their native configuration possibly existing as tetrameric complexes.

Several well-characterized ion channels including voltage-gated potassium

channels, calcium activated potassium channels and IP3Rs are comprised of four subunits

with each subunit spanning the membrane six times (181-184).  Unlike these channel

subunits, CD20 has four transmembrane spans (111, 117, 185).  Although CD20 does not

have the basic structure typical of the cation channels mentioned above (184), Orai1, the
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recently identified SOC channel subunit, also forms multimers (100) and has four

transmembrane domains (95, 97).  This suggests that the configuration of CD20 may be

more indicative of proteins specifically involved in SOC entry.

In the studies used to determine the stoichiometry of CD20 within the complex,

wild type CD20 had a high propensity to form oligomers exclusive of the overexpression

of CD20CΔ277.   The subunit composition of many channel complexes including voltage

gated potassium channels (182) and cyclic nucleotide gated channels (186) are directed

by cytoplasmic domains that promote protein-protein interaction for oligomer assembly

(187-191).  These assembly motifs can dictate stoichiometry based on subunit availability

as has been shown for cyclic nucleotide gated channels (186).  Cyclic nucleotide gated

channels are heterotetramers composed of ‘A’ and ‘B’ subunits; however, when ‘A’

subunits are heterologously expressed they will homo-oligomerize, while ‘B’ subunits

will not.  ‘B’ subunits will only form a complex in the presence of ‘A’ subunits, since

‘A’ subunits contain a domain that directs 3’A’:1’B’ stoichiometry during channel

assembly.  Although CD20 may contain a similar motif lacking in the deletion mutant,

CD20.CΔ277 is still capable of forming complexes in the absence of wild type CD20

expression as shown by equilibrium gradient centrifugation (166), suggesting that CD20

oligomerization may proceed in a slightly different fashion with the C-terminal residues

not necessarily being required, but perhaps influencing relative stoichiometry.  Since the

residues absent in CD20.CΔ277 may somehow help direct or influence CD20

oligomerization, similar future experiments aimed at determining the number of CD20

molecules within the complex should be performed using two full-length CD20

constructs, one with a tag other than GFP (for the reasons indicated in section B.2 above).



71

Such experiments would eliminate any affect of CD20 truncation and would likely

provide more clearly interpretable results.

Although these studies confirm that CD20 exists as a homo-oligomeric complex,

the size of the complex in digitonin lysates is larger than that of a tetramer (~140 kDa)

consisting solely of CD20 molecules (159).  This raised the possibility that there were

proteins in addition to CD20 present within the complex.  In Chapter V, experiments

aimed at identifying these proteins are described.
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IV.  THE CONFORMATION OF CD20 IS CHOLESTEROL DEPENDENT

A.  Introduction

B-cell malignancies are a broad spectrum of neoplasms subclassified based on the

stage of cellular differentiation and pathology.  Those malignancies derived from cells of

a mature phenotype comprise several lymphoproliferative disorders (LPDs) varying in

clinical presentation and outcome.  Diagnosis has been based on clinical features, cellular

morphology, cytogenetics and the expression of antigenic determinants.  One commonly

used distinguishing feature of B cell malignancies is the differential expression of the cell

surface marker FMC7.  Monitoring FMC7 in conjunction with other cell surface

determinants, including CD5, CD20 and CD23, has been useful in evaluating the

subclassification of B cell LPDs (192-195).

There has been some controversy surrounding the identity of the cell surface

marker recognized by the FMC7 antibody and, as a result, the utility of its broad use in

diagnosis.  Although the antibody was generated over twenty years ago, the FMC7

antigen has not been characterized in any great detail.  Early studies indicated that FMC7

is a possibly glycosylated, membrane protein exclusively expressed on a subset of B cells

(196-199).  Comparative studies eliminated several candidate cell surface markers

including FcR, cell surface immunoglobulin, MHCII, and CD22, but failed to identify the

antigen (196, 197, 199).  Attempts to immunoprecipitate FMC7 from B cell lysates were

unsuccessful (196, 197, 199).  FMC7 western blot analysis of B cell lysate has also been

problematic (198).  A result indicating a protein of ~105 kDa was obtained (199), but the

signal in the blot was very low.
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Recent studies suggested that FMC7 may recognize an epitope on CD20 (200),

raising uncertainty about its added benefit in diagnostic screening panels that include

other CD20 antibodies.  CD20 is highly expressed on all normal B lymphocytes from the

late pre-B cell stage of development, until, like most surface antigens, it is down-

regulated upon terminal differentiation (146).  FMC7 is reported to recognize a subset of

CD20-positive cells, specifically during the late stages of B-cell development (196, 197,

201, 202).  LPDs with low or absent CD20, such as B cell chronic lymphocytic leukemia,

are FMC7 negative, while those in which CD20 has high expression, such as hairy cell

leukemia, are FMC7 positive (193, 194, 199, 203-207).  Binding of FMC7 to patient

samples and to B cell lines is blocked by prior incubation with anti-CD20 antibody (200,

208), indicating apposition of FMC7 and CD20 epitopes.  The detection of FMC7 after

transfection of CD20 cDNA into a myeloid cell line provided the first direct evidence that

FMC7 recognizes CD20 (200).  However, in this system CD20 was expressed on only

18% of cells and FMC7 reactivity was detected at a low level on a minor fraction of

these.  It has been argued that ectopic expression of CD20 in myeloid cells may have

induced expression of additional cell surface markers.

Although the expression of CD20 generally predicts that of FMC7 in both normal

and malignant B cells, the level of FMC7 expression does not strictly correlate with that

of CD20 (209).  In the following series of experiments, we confirmed the identity of

FMC7 as CD20 and demonstrated that the level of expression of the FMC7 epitope is

dependent on membrane cholesterol.  These observations resolve the controversy

regarding the identity of the FMC7 antigen, and explain why FMC7 monoclonal antibody

(mAb) binding characteristics differ from those of other CD20 mAbs.  Data shown in
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Figure IV.1, Figure IV.2, Figure IV.3, and Figure IV.4 were published in Leukemia

(2003) 17 (7):1384-9 (210).

B.  Results

B.1. FMC7 binds to CD20

FMC7 was previously shown to recognize an epitope expressed in a myeloid cell

line after transient transfection of CD20 cDNA (200).  However, in that study FMC7

bound to only 7% of transfected cells, 18% of which were CD20 positive, and the level of

binding was low.  Here, FMC7 reactivity was investigated using a human T-cell line

stably expressing a high level of CD20 on all cells (Molt4.CD20) (168).  Figure IV.1

shows that FMC7 bound as strongly to Molt4.CD20 as B1 anti-CD20 mAb, but not to

cells transfected with the vector alone.  In order to address the possibility that ectopic

expression of CD20 in a human lymphoid cell line may have up-regulated an unrelated

protein recognized by FMC7, we expressed CD20 in rodent fibroblasts (CHO.CD20).

Again, FMC7 bound strongly to CHO.CD20, but not to CHO cells transfected with the

vector alone (Figure IV.1).

Previously, our laboratory demonstrated that CD20 extracellular epitopes depend

on two residues, alanine and proline at positions 170 and 172, respectively (AxP; single

letter amino acid codes, x indicates the identical amino acid at the same position in both

murine and human CD20 sequences) (refer to Figure I.4).  Mutation of these residues to

serines (AxP/SxS) abolished binding of CD20 mAbs (159).  FMC7 reactivity against the

AxP/SxS construct was tested to provide additional confirmation that FMC7 recognizes
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Figure IV.1.  FMC7 binds to CD20 ectopically expressed in hematopoietic and

nonhematopoietic cells.  Molt 4 cells and CHO cells stably transfected with either CD20

(Molt 4.CD20; CHO.CD20) or vector alone (Molt 4.V; CHO.V) were incubated at room

temperature with isotype control (dashed line), B1 anti-CD20 mAb or FMC7 (solid

lines).  Bound antibody was detected with FITC-labeled anti-mouse IgG or anti-mouse

IgM, respectively.  The plots show the number of cells on the vertical axis against the

fluorescence intensity on the horizontal axis.  Mean fluorescence intensities are indicated

in the top right corner of each panel.  Data shown are representative of seven (Molt 4)

and two (CHO) independent experiments.
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CD20 and not a molecule coordinately up-regulated in transfected cells with the CD20

cDNA construct.  FMC7 binding to HEK 293 cells that transiently expressed WT CD20

was similar to that of CD20 mAbs 2H7 and B1 (Figure IV.2).  Replacement of the

extracellular domain of human CD20 with the murine sequence (h/m CD20) eliminated

binding of FMC7, as well as that of mAbs 2H7 and B1.  As previously described, the B1

epitope, but not the 2H7 epitope, was completely reconstituted in the h/m CD20 chimera

by replacing serine residues in the murine sequence with alanine and proline from the

equivalent positions in the human sequence (SxS/AxP) (159).  The FMC7 epitope was

reproducibly recovered to a low level in independent experiments.  Taken together with

the data shown in Figure IV.1, these results confirm that the FMC7 epitope is defined by

CD20 amino acid residues.

B.2. The FMC7 epitope is cholesterol dependent

Analysis of cell surface antigen expression is often performed with antibody

incubations on ice.  In the case of CD20, we have observed that antibody binding is

enhanced at room temperature.  Like B1, FMC7 binding to Molt 4.CD20 was

significantly increased at room temperature, as compared to cells stained on ice (Figure

IV.3).  In Ramos cells, FMC7 binding was very low when incubations were performed on

ice, and a dramatic increase was observed with incubation at room temperature (Figure

IV.3).  Interestingly, however, FMC7 binding to Ramos cells never reached the high level

of binding observed with transfected Molt 4 or CHO cells.

The temperature dependence of FMC7 reactivity suggested that membrane

fluidity and, in turn, CD20 mobility might influence antibody binding.  Since membrane
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Figure IV.2.  FMC7 reactivity is abolished by CD20 mutagenesis. HEK293 cells

transiently expressing either human WT CD20 or extracellular domain mutant constructs

were incubated at room temperature with 2H7, B1, FMC7, or a mixture of appropriate

isotype control (CT) antibodies.  AxP/SxS represents mutation of alanine and proline at

positions 170 and 172 in the human sequence to serine residues.  Human CD20

containing the murine extracellular domain sequence is represented as h/m CD20.

Mutation of serines at positions 170 and 172 in the h/m CD20 construct to alanine and

proline is represented by SxS/AxP.  The plots show the number of cells on the vertical

axis against the fluorescence intensity on the horizontal axis.  Mean fluorescence

intensities (MFI) from the experiment shown in the upper panel are expressed in the bar

graph below.  Data are representative of two independent experiments.
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Figure IV.3.  FMC7 binding to CD20 is temperature dependent.  Molt 4.V, Molt

4.CD20 and Ramos B cells (1 X 106 cells/sample) were incubated with either isotype

control (dashed line), FMC7 or B1 antibodies (solid lines) followed by appropriate FITC-

labeled secondary antibodies, either on ice or at room temperature, as indicated.  Dotted

vertical lines mark peak binding of antibody to each cell line at 22oC.  The plots show the

number of cells on the vertical axis against the fluorescence intensity on the horizontal

axis.  Numbers in each panel are mean fluorescence intensity.  Data are representative of

four independent experiments.
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fluidity is also related to cholesterol content (211), the effect of cholesterol depletion on

FMC7 binding was examined.  MβCD is a cyclic oligosaccharide with a hydrophobic

core that extracts cholesterol from the plasma membrane without binding to or crossing

the membrane (212, 213).  Remarkably, FMC7 binding to MβCD treated Ramos cells

was greatly diminished as compared to untreated cells (Figure IV.4A).  This effect was

specific for cholesterol since treatment with MβCD that was pre-loaded with cholesterol

enhanced FMC7 binding (Figure IV.4A).  To a much lesser extent, cholesterol depletion

also reduced binding of B1 (Figure IV.4A).  When cholesterol was replenished after

depletion, FMC7 binding was completely recovered (Figure IV.4B).

To determine whether or not this effect was unique to FMC7, we tested the

binding of a panel of CD20 mAbs to Ramos B cells depleted of cholesterol.  In addition

to FMC7, binding of only one other CD20 mAb, CAT13.7H, was diminished by greater

than 60% (Figure IV.5).  Binding by other CD20 mAbs and by a control (anti-CD32)

mAb was reduced by anywhere between ~3% to ~34%.  Binding by control anti-CD45

mAb was either unaffected or enhanced by ~7% in separate experiments.  Overall, the

extreme cholesterol sensitivity of FMC7 was a property shared by only one of the large

panel of fifteen CD20 mAbs tested.

B.3. The CD20 cholesterol dependent epitope is not influenced by complex size or lipid

raft localization, but is dependent upon the CD20 cytoplasmic N-terminal region

We had previously reported that CD20 exists in a multimeric molecular complex

of at least 200kDa (159).  There was the possibility that FMC7 reactivity might depend

on an intact complex that was disrupted in low cholesterol conditions.  In order to test
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Figure IV.4.  FMC7 recognizes a cholesterol-dependent CD20 epitope.  A. Ramos

cells (2 X 106 cells/sample) were either untreated (top panel), treated with 10 mM MβCD

(middle panel) or with cholesterol: MβCD complex (MβCD/cholesterol; bottom panel)

for 10 min at room temperature before incubating with either isotype control (dashed

line), B1 or FMC7 (solid lines).  Data are representative of six independent experiments.

B. Ramos cells (2 X 106 cells/sample) were either untreated or treated with 10 mM

MβCD for 15 min at room temperature.  Cells were then either untreated or treated with

cholesterol: MβCD complex (MβCD/cholesterol) added at 15 min intervals for 2 hr at

room temperature.  Cells were labeled with either isotype control (dashed line) or FMC7

(solid line).  Data are representative of three independent experiments.  The plots show

the number of cells on the vertical axis against the fluorescence intensity on the

horizontal axis.
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Figure IV.5.  Effect of cholesterol depletion on binding by a panel of CD20

antibodies.  Ramos cells (2 X 106 cells/sample) were either untreated or treated with 10

mM MβCD for 10 min at room temperature before incubating with CD20 antibodies (as

indicated), CD45 or CD32 antibodies.  Relative mean fluoresence for each antibody was

determined by dividing the mean fluoresence intensity of antibody binding to MβCD

treated cells to untreated cells and multiplying by 100 to determine the percent.  Data are

two independent experiments.
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this, Ramos cells were untreated or depleted of cholesterol using MβCD, then lysed in

digitonin and the postnuclear cleared lysates were layered onto linear sucrose gradients

and centrifuged to equilibrium.  Aliquots of collected fractions were analysed by CD20

western blot.  The densitometry of CD20 bands was measured and plotted as a fraction of

total CD20 detected.  CD20 migrated on the gradient as similar size complexes in both

untreated and treated samples, indicating that the integrity of the complex was unaffected

by MβCD treatment (Figure IV.6).

Earlier, our laboratory had shown that CD20 localizes to cholesterol and

glycosphingolipid-enriched plasma membrane microdomains known as lipid rafts (142,

144).  Since cholesterol depletion diminished FMC7 binding under conditions also

known to disrupt lipid rafts, CD20 residency within these microdomains may be required

for FMC7 binding.  To address this possibility, we utilized a series of previously

characterized CD20 cytoplasmic deletion mutants stably expressed in Molt 4 cells.  Each

of the deletions affected the binding of both control anti-CD20 (R21) and FMC7 mAbs to

some extent (Figure IV.7).  FMC7 binding was diminished by all C-terminal deletion

mutants including CΔ219-225, lacking residues 219 to 225 important for CD20 lipid raft

association (117).  However, the greatest effect was surprisingly seen with deletion of the

N-terminal region (NΔ50).  These results suggested that CD20 lipid raft localization was

not required for FMC7 binding.

Finally, I made a serendipitous observation while monitoring the efficiency of

cholesterol depletion in cell surface biotinylated cells for unrelated experiments

(described in Chapter V).  Ramos B cells were cell surface biotinylated and then either

untreated or treated with MβCD.  Since we had shown that the FMC7 epitope was
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sensitive to the level of membrane cholesterol, we thought that it could be used as a tool

to measure the efficiency of cholesterol depletion.  We expected that antibody binding to

CD20 would not be greatly affected by biotinylation.  CD20 is poorly biotinylated in

intact cells since it has a small extracellular domain with only four residues with free

amines potentially available for labeling.  However, binding by FMC7 to cell surface

biotinylated cells was abolished, while that of 2H7 was decreased by ~50% (Figure IV.8).

These results suggested that biotinylation interferes with the epitope recognized by

FMC7.

C.  Discussion

The specificity of the FMC7 mAb has been the subject of longstanding interest

because of its importance as a diagnostic reagent, yet it has been difficult to elucidate.

The results described here confirm the identity of the FMC7 antigen as CD20 by several

criteria including: 1) strong recognition of CD20 ectopically expressed in hematopoietic

and nonhematopoietic cell lines, 2) elimination of FMC7 reactivity by CD20 extracellular

domain mutations; and 3) partial recovery of FMC7 reactivity in the SxS/AxP h/m CD20

chimera.  However, although the FMC7 mAb is clearly directed against CD20, the

epitope is cholesterol dependent and its reactivity is low in cells with reduced membrane

cholesterol even when CD20 expression is high.  Interestingly, FMC7 binds much more

strongly to CD20 expressed ectopically in Molt 4 T cells and CHO cells than to

endogenously expressed CD20.  This suggests that B lymphocytes have low membrane

cholesterol relative to other cell types, or that there is an additional factor in B-cells

suppressing expression of the FMC7 epitope.  For example, the association of CD20 with
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Figure IV.6.  CD20 complex size is not affected by cholesterol depletion. Ramos B

cells (5 X 107 cells/sample) were either untreated (-MβCD) or treated with 10 mM

MβCD (+MβCD) for 10 min at room temperature before lysis in digitonin.  Cleared

lysates were layered on 5% to 30% sucrose gradients containing digitonin and

centrifuged to equilibrium.  Fractions were collected and aliquots analyzed by CD20

western blot analysis.  Densitometry was performed on bands corresponding with CD20.

Relative density values correspond with percent of CD20 in each fraction over total.   The

approximate molecular weights of proteins in each fraction were determined by

comparison to molecular weight (MW) standards previously run simultaneously with

other gradients.  The CD20 monomer migrates between fractions 2 and 3 (159, 166).
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Figure IV.7.  FMC7 binding is dependent upon the CD20 N-terminal region. Molt 4

cells stably expressing WT CD20 or deletion mutants of CD20 (2 X 106 cells/sample)

were incubated with isotype control (dashed line), anti-CD20 R21 or FMC7 (solid lines)

antibodies.  R21 was used in these experiments since it has the same IgM isotype as

FMC7.  The plots show the number of cells on the vertical axis against the fluorescence

intensity on the horizontal axis.  Mean fluorescence intensities are indicated in the top

right corner of each panel.  Relative mean fluorescence intensities (MFI) from the

experiment shown in the upper panel are represented in the bar graph below as percent

antibody binding to deletion mutant as compared to wild type.  Relative mean

fluorescence intensities for antibody binding to WT CD20 are set to 100 percent.  Data

are representative of three independent experiments.
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Figure IV.8.  FMC7 binding is abolished by CD20 cell surface biotinylation.  Ramos

cells (2 X 106 cells/sample) were either untreated (top panels) or surface-labeled with

Sulfosuccinimidyl-6-(biotinamido) Hexanoate (biotin; lower panels) for 10 min at room

temperature before incubating with isotype control (dashed line), 2H7 or FMC7 (solid

lines).  The plots show the number of cells on the vertical axis against the fluorescence

intensity on the horizontal axis.  Mean fluorescence intensities are indicated in the top

right corner of each panel.  Data are representative of two independent experiments.
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another cell surface protein expressed in B-cells, but not in T cells or CHO cells, may

mask the FMC7 epitope.

C.1. Involvement of extracellular residues

The cholesterol sensitivity of the FMC7 mAb is unusual and perhaps indicative of

its binding to a unique extracellular CD20 epitope.  FMC7 binding, like that of all other

CD20 mAbs, is abolished upon conversion of AxP to SxS in the extracellular loop of

human CD20.  Like most mAbs, it is not fully recovered with mutation of SxS to AxP in

the murine CD20 extracellular domain.  Interestingly, cell surface biotinylation of intact

cells abolished FMC7 binding, while reducing 2H7 binding by ~50%.  Since biotin reacts

with amines and it is a small molecule (244 Da), this result suggests that one or more of

the extracellular arginine and lysine residues may be involved directly in FMC7 binding

with CD20.  Alternatively, their biotinylation may impact the conformation of CD20

sufficiently to prevent FMC7 binding.

C.2. Cholesterol, membrane fluidity and the CD20 complex

Previous results indicated that CD20 exists in a multimeric molecular complex

(159).  There was the possibility that the FMC7 epitope was dependent upon an intact

complex that was disrupted upon cholesterol depletion; however, the integrity of the

complex was not affected by low cholesterol conditions (refer to Figure IV.6).

Expression of the FMC7 epitope is also highly temperature dependent, with much lower

reactivity observed when incubations were performed on ice.  Presumably, this effect is

because of reduced membrane fluidity and lateral mobility of CD20 at low temperature.
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However, the cholesterol dependence of the FMC7 epitope cannot be explained by

effects on membrane fluidity, since reduced cholesterol is expected to increase fluidity

(211) and also does not affect the binding of most other CD20 antibodies to the same

degree (Figure IV.5).  As well, cholesterol depletion actually enhances or does not affect

the binding of antibodies directed against the B cell surface proteins CD10, CD19, CD22,

CD44, CD50, CD52, CD53, and CD72 (Jinglan Han and Julie Deans, unpublished data)

or CD45 (Figure IV.5).

C.3. Bimodal FMC7 reactivity to B cells

Interestingly, FMC7 reactivity in cells expressing exogenous CD20 is always

observed as a single peak with high mean fluorescence intensity, whereas FMC7

reactivity in B cells is low and variable.  FMC7 positive B cells may be observed as a

shoulder slightly above the isotype control or frequently as two peaks with one or the

other being dominant on different days (refer to Figure IV.4 and Figure IV.8).  Since the

samples were acquired from a B cell line, the differences could not be attributed to the

cells being at different stages of development.  Similar variable FMC7 reactivity can also

sometimes be observed in normal and malignant primary B cells (201, 202, 209, 214).

There is the possibility that the bimodal FMC7 reactivity was a result of cell cycle

dependent regulation of the FMC7 epitope as CD20 has a demonstrated influence on cell

cycle progression (148, 155).  A previous study, however, reported no correlation

between FMC7 expression and cell cycle (198).  Further studies will have to be

undertaken to identify the factors responsible for the variable bimodal FMC7 reactivity in

B cells.
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C.4.  Involvement of Lipid Rafts?

The FMC7 requirement for cholesterol is likely to be related to alterations in the

plasma membrane influencing the conformation of CD20 and/or accessibility of the

epitope. Cholesterol is unevenly distributed in the membrane and, based on studies in

model membranes, is thought to promote formation of liquid-ordered microdomains

(lipid rafts) in the presence of saturated fatty acid membrane components (sphingomyelin

and sphingolipids) (38, 215).  The integrity of lipid rafts depends on cholesterol,

depletion of which disrupts them. We have reported previously that CD20 inducibly

associates with rafts after antibody ligation (144).  Our more recent evidence indicates

that the association is constitutive and only the affinity of the association is increased

with antibody binding (142).  As a result, it would be expected that FMC7 detects CD20

that is preferentially associated with lipid rafts; however, this was not found to be the

case.

C.5. The N-terminal region

Surprisingly, deletion of C-terminal residues 219-225, required for lipid raft

localization of CD20 (117, 142), reduced but did not eliminate FMC7 binding to CD20.

Instead, deletion of the N-terminal region abolished the FMC7 epitope.  This result is in

contrast to BCR stimulated calcium entry that is abolished by CΔ219-225, while NΔ50

has little effect.  These results indicate that the cholesterol-dependent conformation of

CD20 is regulated independently of its raft association, and presumably regulates calcium

channel-independent properties such as protein-protein interactions.
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The N-terminal region contains several serine/threonine residues whose

phosphorylation is enhanced by PKC activation upon PMA treatment of B cells (162,

163).  PMA treatment results in CD20 down-modulation and appears to mimic the effects

of CD40 ligation that also initiates CD20 internalization in a PKC dependent fashion

(157, 161).  Although the significance of these signaling events is not clear, enhanced

phosphorylation of the CD20 N-terminal region may occur during T cell-dependent

activation of B cells and result in CD20 modulation.  It should also be noted that FMC7 is

expressed most highly in mature B cells, correlating with the stage at which the higher

molecular weight (35 kDa) form of CD20 is more heavily phosphorylated (161).  Recent

evidence indicates that phosphorylation of the N-terminal region is responsible for the

differential mobility of the ~35 kDa band (Haidong Li and Julie Deans, unpublished

data).  As well, FMC7 expression can be induced in FMC7 negative CLL cells with

phorbol ester treatment, although this effect has not been observed consistently (198,

216).  Preliminary experiments examining the possible up-regulation of the FMC7

epitope in PMA treated Ramos B cells have provided inconclusive results.  A better

understanding of the signaling events leading to CD20 phosphorylation may provide a

key to the mechanism(s) regulating the FMC7 epitope.

C.6. CD20 and cholesterol:  covalent or non-covalent association?

While the cholesterol dependence of the FMC7 epitope is most likely because of

an influence of the plasma membrane microenvironment on the conformation of CD20, it

is also possible that there is a direct association between CD20 and cholesterol.  The

ability of MβCD to reduce FMC7 binding indicates that any direct association between
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CD20 and cholesterol is noncovalent, as reported for several other integral membrane

proteins – for example, the oxytocin receptor and nicotinic acetylcholine receptor (217,

218).  Cholesterol association modulates the affinity of the oxytocin receptor for its

ligand (219, 220) and is essential for proper ion channel function of the nicotinic

acetylcholine receptor (221).  Developmental differences in cell surface BCR plasma

membrane compartmentalization and signaling have been recently attributed to variations

in membrane cholesterol content (222).  Mature B cells maintain higher membrane

cholesterol than immature B cells, with FMC7 expression mirroring these stage

dependent changes (196, 197, 201, 202).  These changes in membrane cholesterol during

B cell development or activation may alter the conformation of CD20 and modulate its

channel-independent properties.  The possible influence of membrane cholesterol levels

on CD20 conformation is supported by preliminary experiments demonstrating the

conversion of the FMC7 negative Daudi B cell line to FMC7 positive upon cholesterol

loading (data not shown).

C.7. FMC7 as a predictor of clinical response to rituximab therapy?

Previously, we demonstrated an indirect association between CD20 and Src

family kinases (168, 169), and recently discussed evidence that this is a result of mutual

association with lipid rafts (135).  Src family kinase-dependent apoptotic signals can

ensue from CD20 crosslinking (223, 224) and this has been proposed to account for some

of the efficacy of rituximab, a CD20-specific antibody used in treating B cell cancers and

some autoimmune diseases (225).  It is likely that CD20 crosslinking activates Src

kinases as a consequence of lipid raft aggregation (135, 226, 227).  In addition, recent
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evidence indicates that complement-mediated lysis is mediated efficiently by CD20

antibodies as a consequence of CD20’s residency in lipid rafts (228).  The efficiency with

which CD20 antibodies can induce cell death, either by apoptosis or by complement-

mediated lysis, is therefore predicted to correlate with the level of membrane cholesterol.

It will be important to assess whether FMC7 reactivity might be a useful predictor of

clinical response to rituximab and other CD20-directed therapeutics.

In conclusion, this series of experiments reveals an influence of membrane

cholesterol on the conformation of CD20.  FMC7 reactivity varies with the level of

membrane cholesterol, indicating that in those CD20-positive B-cell malignancies where

FMC7 is low or negative, membrane cholesterol is likely to be correspondingly low.

Plasma membrane cholesterol may be an important diagnostic characteristic, since

lymphoma cell lines having an overall greater membrane fluidity have higher metastatic

potential (229).  The utility of FMC7 as a diagnostic reagent may lie in its ability to

report differences in the lipid composition of malignant B-cells.



101

V.  CD20 ASSOCIATES WITH THE B CELL ANTIGEN RECEPTOR

A.  Introduction

In Chapter III, I provided experimental results supporting the existence of CD20

homo-oligomers, possibly tetramers, in the plasma membrane.  Since the CD20 complex

in digitonin exceeded the size of a tetramer (~140kDa) (159, 166), it was likely that it

included molecules in addition to CD20 in the complex.  An unidentified ~45 kDa

protein has been previously observed to associate with CD20 in digitonin by avidin blot

analysis (166) as was a ~80 kDa protein by PageBlue protein stain (mentioned in Chapter

III).  Identification of these proteins and/ or possibly others might aid in clarifying the

specific role CD20 plays in BCR-mediated calcium entry.  With this in mind, a series of

experiments were then undertaken to identify the remaining proteins in the CD20

complex.

In order to detect unknown proteins in the CD20 complex, the biotin-avidin

system was used.  This system utilizes the strongest known noncovalent biological

recognition between a protein and ligand for detection and is a highly sensitive, rapid,

convenient method for biochemical analysis of proteins (230, 231).  Biotin and its

derivatives are relatively small molecules, ~244 Da, that can react with available primary

amines in proteins (230).  Because of its small size, it can be conjugated to many proteins

without altering their biological activity, such as antibody binding (230).  Cell viability is

not significantly altered by this labelling method and labelled cells can be used to

examine functions of surface proteins (232).  Avidin is a protein tetramer that binds

biotin specifically (230).  The bond formation between biotin and avidin is very rapid and
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once formed is unaffected by most extremes of pH, denaturing agents or manipulations

such as multiple washings when the complex is immobilized (230).

Biotinylation of proteins followed by immunoprecipitation and avidin western

blot is a common procedure for biochemical characterization of cell surface antigens

(233).  This method has been used to identify surface proteins on leukocytes from bovine

peripheral blood (232).  It has also been used successfully to aid in demonstrating CD5-

CD6 association in T lymphocytes (234) and CD40-MHCII association in B lymphocytes

(235).  Other reports have utilized the biotin-avidin system to distinguish intracellular

from cell surface immunoglobulin (236) as well as to examine the composition of BCR

oligomers (237).

If proteins in addition to CD20 were detected using the biotin-avidin method,

attempts would be made to identify them by either mass spectrometry or, if reagents were

available, by western blot analysis.  Since we had previously established a functional

relationship between BCR signalling and CD20, I characterized the response of the CD20

associated proteins to BCR ligation.

B.  Results

B.1. CD20 specifically associates with cell surface immunoglobulin

To identify CD20 associated proteins, BJAB B cells were biotinylated before or

after lysis and CD20 was immunoprecipitated for analysis by avidin blot.  Several

proteins appeared to associate specifically with CD20 and the pattern of associated

proteins was similar whether the samples were biotinylated before or after lysis.  The
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most prominent proteins migrated at ~80kDa, ~68kDa, ~45kDa, ~35kDa and ~29kDa

(Figure V.1).  It was possible that the ~35 kDa protein was CD20.  Upon stripping and re-

blotting the membrane, the ~35kDa protein was indeed found to co-migrate with CD20.

The ~68kDa protein was likely non-specific since it was often also apparent in the

preimmune control (see later figures).

CD20 and BCR had previously been shown to colocalize on the cell surface in

unstimulated cells by microscopy (145), raising the possibility that they could be

physically associated.  The BCR consists of cell surface immunoglobulin comprised of

two heavy chains covalently associated with two light chains in complex with the Igα/Igβ

signalling components (178, 237).  Since the B cell lines used in this study both express

IgM cell surface immunoglobulin, the heavy chain was expected to migrate at ~80kDa.

In order to determine if the CD20-associated ~80kDa and ~29kDa proteins co-migrated

with cell surface immunoglobulin, CD20 and immunoglobulin were separately

immunoprecipitated from digitonin lysates of cell surface biotinylated BJAB B cells and

analysed by avidin blot.  Indeed, the ~80kDa and ~29kDa CD20 associated proteins

corresponded in size with the heavy and light chains of cell surface immunoglobulin,

respectively, upon comparison with anti-µ immunoprecipitates (Figure V.2).  The

experiment was repeated using the Ramos B cell line.  In this cell line, the cell surface

immunoglobulin light chain migrates more slowly on SDS-PAGE.  Once again, CD20-

associated proteins of ~80 kDa and ~32 kDa corresponded with the most prominently

biotinylated proteins immunoprecipitated with anti-µ antibody (Figure V.2).  The ~80

kDa protein was the heavy chain, while the ~32 kDa protein corresponded with the

higher migrating light chain observed in this cell line.
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Figure V.1.  CD20 associates with several cell surface proteins.  BJAB B cells (2 X

107 cells/sample) were cell surface biotinylated and lysed in digitonin.  Cleared lysates

were immunoprecipitated with either pre-immune control (CT) or anti-CD20 rabbit

serum.  Immunoprecipitates were analysed by avidin (upper panel) and CD20 (lower

panel) blot.  Data are representative of at least twenty-five experiments.
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Figure V.2.  CD20 associated proteins co-migrate with the heavy and light chains of

cell surface immunoglobulin.  BJAB B cells (2 X 107 cells/sample) and Ramos B cells

(5 X 107 cells/sample) were cell surface biotinylated and then lysed in digitonin.  Cleared

lysates were immunoprecipitated with pre-immune control (CT) rabbit sera, anti-CD20

(CD20) rabbit sera and anti-µ (µ) antibody.  Samples were run on SDS-PAGE and

analysed by avidin blot.  Arrows indicate bands corresponding to B cell receptor heavy

(IgH) and light (IgL) chains.  Data are representative of two experiments.
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If cell surface immunoglobulin were associated with CD20 in digitonin, then the two

proteins would possibly form macromolecular complexes of similar size.  To determine

whether the two proteins fractionated similarly on equilbrium gradients, cleared BJAB B

cell digitonin lysates were layered onto 5% to 35% linear sucrose gradients and

centrifuged to equilibrium.  Fractions were collected and analysed by CD20 and anti-µ

western blot analysis.  Densitometry was performed and the intensity of each protein

band per fraction was plotted as the percent total density.  CD20 and µ heavy chain

localization within the gradient overlapped, but did not peak in the same fractions,

indicating that a sub-population of cell surface immunoglobulin could form a complex

with CD20 (Figure V.3).

To confirm CD20 association with cell surface immunoglobulin, anti-µ western

blot analysis of CD20 immunoprecipitates was performed (Figure V.4A; upper panel).

BJAB B cells were lysed with digitonin, immunoprecipitated with anti-CD20 rabbit

serum and analysed by anti-µ  western blot.  Immunoglobulin heavy chain was

immunoprecipitated with anti-µ antibody as the positive control and showed the expected

doublet of bands that represent the more heavily glycosylated cell surface form (upper

band) and an immature, intracellular form (238).  The anti-µ  blot revealed

immunoglobulin heavy chain specifically co-precipitating with CD20.  CD20-associated

immunoglobulin heavy chain co-migrated with the upper band, indicating that CD20

specifically associated with cell surface immunoglobulin.  A barely detectable amount of

the lower molecular weight, intracellular heavy chain was detected in the control

samples.  Densitometry was performed on the blots to estimate the fraction of cell surface

immunoglobulin associated with CD20.  The density value obtained for CD20-associated
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Figure V.3.  CD20 and cell surface immunoglobulin localize to overlapping fractions

in a sucrose equilibrium gradient. BJAB B cells (5 X 107 cells/sample) were lysed in

digitonin.  Cleared lysates were layered on 5% to 30% linear sucrose gradients containing

digitonin and centrifuged to equilibrium.  Fractions were collected and aliquots analyzed

by western blot analysis with anti-CD20 rabbit serum and anti-µ  antibody.  The

densitometry values for the corresponding band in each fraction is represented as percent

of total.  The approximate molecular weights of proteins in each fraction were determined

by comparison to molecular weight (MW) standards previously run simultaneously with

other gradients.  The CD20 monomer in Triton X-100 lysates migrates between fractions

2 and 3.
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cell surface immunoglobulin was divided by the density value of the corresponding

higher molecular weight, upper band immunoprecipitated with anti-µ antibody.  This

value was multiplied by 100 to derive a percentage.  The results indicated that CD20 co-

precipitated ~10.2% cell surface immunoglobulin.  In the reverse experiment, BJAB

digitonin lysates were immunoprecipitated with anti-µ antibody and CD20 western blot

performed.  CD20 was detected co-precipitating with the immunoglobulin heavy chain

(Figure V.4A; lower panel).  The proportion of CD20 associated with immunoglobulin

was determined by dividing the density value obtained for CD20 immunoprecipitated by

anti-µ by that obtained by for total CD20 immunoprecipitated by anti-CD20, and

multiplying by 100 to derive a percentage.  The results indicated that anti-µ  co-

precipitated ~10.2% of total CD20.

To determine whether or not cell surface immunoglobulin association with CD20

was specific, CD20 immunoprecipitates were compared with those of other cell surface

proteins.  Ramos B cells were labelled with biotin, lysed in digitionin and

immunoprecipitated with antibodies against CD20, CD45 and MHCII.  The samples were

analysed by avidin blot.  CD45 and MHCII were immunoprecipitated successfully as

judged by the detection of biotin-labelled proteins of the appropriate size (Figure V.4B;

two middle panels).  CD20 association with cell surface immunoglobulin was specific

since no protein of ~80 kDa was detected in the CD45 and MHCII immunoprecipitates

(Figure V.4B; upper panel).  The membrane was then stripped and re-blotted for CD20.

CD20 was not immunoprecipitated by anti-CD45, but there was a faint signal visible in

the MHCII lane (Figure V.4B; lower panel).  MHCII association with CD20 has been

previously reported (160).
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Figure V.4.  CD20 specifically associates with cell surface immunoglobulin.  A. BJAB

B cells (2 X 107 cells/sample; upper panel) or Ramos B cells (4 X 107 cells/sample; lower

panel) were lysed in digitonin.  Cleared lysates were immunoprecipitated using pre-

immune rabbit serum control (CT for CD20), anti-CD20 rabbit serum, avidin bead

control (CT for µ), or biotin-conjugated anti-µ antibody.  Samples were run on SDS-

PAGE and analysed by anti-µ  (upper panel; n=5) or CD20 (lower panel; n=2)

immunoblot.  Arrows indicate bands corresponding with the µ heavy chains (µ; 80/83

kDa) and CD20 (33/35 kDa) doublets.  The differential migration of the µ heavy chain is

a result of glycosylation.  B. Ramos B cells (5 X 107 cells/sample) were cell surface

biotinylated and then lysed in digitonin.  Cleared lysates were immunoprecipitated with

anti-CD45, anti-MHCII or anti-CD20 antibody.  Samples were run on SDS-PAGE and

analysed by avidin western blot (µ, CD45, MHCII) or CD20 western blot.
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B.2. Cell surface immunoglobulin associates with CD20 within lipid rafts

Previous studies demonstrated that CD20 constitutively resides in lipid rafts as

defined by its buoyancy in sucrose density gradients after lysis in Brij-58 detergent (142).

A minor proportion of BCR also localizes to detergent resistant membranes (DRMs) in

unstimulated cells (170) as demonstrated by its buoyancy in the same fraction as known

lipid raft markers Gαi and the Src family kinase Lyn (46, 48).  Only the upper band of

the BCR heavy chain corresponding with the population on the cell surface is detected in

the lipid raft fraction.  Since both CD20 and the BCR localize to lipid rafts, it was

possible that CD20-BCR association occurred within these domains.

Lipid raft associated molecules have been visualized in isolated detergent resistant

membranes (DRMs) by immunofluorescence microscopy (145, 239).  To examine the

relative localization of the BCR with CD20 in DRMs, I used BJAB cells that express a

GFP-conjugated form of CD20.  BJAB CD20.GFP cells were lysed in Brij-58 detergent.

Lysates were fractionated by sucrose density gradient centrifugation to isolate DRMs.

DRMs were counterstained for cholera toxin (CTX) and IgM immunoglobulin using

appropriate Cy3-conjugated secondary reagents.  As a positive control to determine the

upper limit of detection of colocalization, CD20.GFP Brij-58 DRMs were stained with

CD20 mAb L26 directed against a cytoplasmic epitope.  Samples were then imaged by

immunofluorescence microscopy using a Deltavision Restoration Microscopy System.

Single-labelled control samples were imaged to confirm negligible bleed through of the

fluorophore using filter sets used for the other fluorophore.

For image display, the intensities for each wavelength were adjusted using

SoftWoRKX image analysis software.  The fluorescence was scaled so that only
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fluorescence ranging from above background to the maximal pixel intensity remained

(239).  The scaled images were then imported into CoLocalizer Pro software to determine

the extent of co-localization.  The software assigned a colour to every pixel and the

percentage of green pixels colocalized with red pixels was calculated ([number of yellow

pixels/square root (number of green pixels + number of red pixels)] X 100) and reported

as percent co-localization (239).

The degree of colocalization between CD20 mAb and CD20.GFP was estimated

as 81%.  Presumably, some un-colocalized Cy3 staining resulted from the CD20 mAb

binding to endogenous CD20 (Figure V.5).  As a result, we considered this value to

reflect complete colocalization.  Consistent with previous results (145), there was much

less colocalization between CD20.GFP and the ganglioside GM1 (~41%) as determined

by staining isolated DRMs with biotin conjugated cholera toxin plus Cy3-avidin.  In

constrast, colocalization of CD20.GFP and IgM immunoglobulin was nearly as high as

that of the positive control (~71%).  Binding by the secondary reagents alone was found

to be equivalent to background (data not shown).  These data supported CD20 association

with IgM immunoglobulin within lipid rafts.

B.3. CD20 association with cell surface immunoglobulin is cholesterol independent

Since CD20 and BCR co-localized within lipid rafts, we wanted to determine

whether or not their association was dependent upon one of the primary lipid raft

components, cholesterol (38, 215).  There was a possibility that cholesterol played an

integral role in CD20-BCR association, not only because it is one of the main elements of

lipid rafts, but also since CD20 has a cholesterol dependent, conformational epitope
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Figure V.5.  CD20 co-localizes with lipid raft resident cell surface immunoglobulin.

BJAB B cells stably expressing CD20.GFP (5 X 107 cells/sample) were lysed in 1% Brij-

58 and DRM fractions prepared by sucrose gradient centrifugation.  The DRM fractions

were counterstained using L26 mAb (CD20), biotin-conjugated cholera toxin (CTX) or

biotin-conjugated Fab anti-µ (IgM), followed by Cy3-conjugated rabbit anti-mouse

secondary (for L26) or Cy3-conjugated avidin secondary reagent (for CTX and IgM).

Percent colocalization was calculated using Co-Localizer Pro software and is indicated

below each image.  Data are representative of six (CD20), twenty (CTX) and fourteen

(IgM) fields.
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(Chapter IV) (210).  Cell surface biotinylated B cells were untreated or treated with the

cholesterol depleting agent methyl β cyclodextrin (MβCD) using previously established

conditions (210), followed by lysis and immunoprecipitation of CD20.  Since digitonin

also binds to cholesterol (240), efficient lysis of MβCD treated cells was confirmed prior

to performing this experiment.  Aliquots of lysates from both the untreated and

cholesterol depleted samples were analyzed by avidin blot.  A slightly greater amount of

cell surface protein was actually liberated with MβCD treatment as compared with

untreated control indicating that the lysis was not dramatically affected (Figure V.6).

Avidin blot analysis of the immunoprecipitated samples showed no difference in

CD20 co-precipitated cell surface proteins after MβCD treatment, demonstrating that the

association was resistant to cholesterol depletion (Figure V.7).  Our laboratory has

previously shown that ligation of CD20 by certain CD20 specific antibodies results in its

localization to Triton X-100 lipid rafts and this redistribution can be prevented by

depletion of cholesterol using MβCD (48, 144).  With this in mind, the efficiency of

cholesterol depletion in the experiments performed here was confirmed by monitoring the

inhibiton of antibody mediated CD20 redistribution to Triton X-100 lipid rafts (data not

shown).  This indicated that although CD20 and BCR colocalize within lipid rafts their

association did not appear to be strictly dependent on cholesterol.

B.4. Cell surface immunoglobulin dissociates from CD20 upon receptor cross-linking

BCR cross-linking results in patching and capping followed by internalization of

the majority of the receptor, while some remains on the cell surface.  Previous

immunofluorescence microscopy data showed colocalization of CD20 and BCR in the
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Figure V.6.  Cholesterol depletion of B cells has little effect on the efficiency of

digitonin lysis.  Ramos B cells were cell surface biotinylated, untreated or depleted of

cholesterol using 10 mM MβCD for 15 min at room temperature and then lysed in

digitonin. Lysates (2.5 X 105 cell equivalents/sample) were analysed by avidin blot.
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Figure V.7.  CD20 associates with cell surface immunoglobulin independently of

cholesterol.  Ramos B cells (5 X 107 cells/sample) were cell surface biotinylated,

untreated or depleted of cholesterol using 10 mM MβCD for 15 min at room temperature

and then lysed in digitonin.  Pre-immune control (CT) or anti-CD20 (CD20) rabbit serum

was added to the lysates for immunoprecipitation.  Samples were analysed by avidin

(upper panel) and CD20 (lower panel) blot.  Arrows indicate cell surface

immunoglobulin heavy (IgH) and light (IgL) chains as well as CD20. Data are

representative of ten experiments.
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plasma membrane of Ramos B cells and dissociation occurring after receptor stimulation

(145).  The two proteins colocalized in cells that were unstimulated or stimulated on ice.

They were still colocalized after 1min of receptor ligation at 37oC, with the degree of

colocalization decreasing at later time points.  To examine whether we could observe a

similar trend in the physical association of CD20 and cell surface immunoglobulin, we

examined the effect of BCR stimulation on CD20-protein associations.  B cells were cell

surface biotinylated, untreated or stimulated with anti-µ over time and then lysed in

digitonin.  Cleared lysates were immunoprecipitated using anti-CD20 rabbit serum and

samples analysed by avidin blot.  Surprisingly, bands corresponding with the BCR heavy

and light chains were absent in immunoprecipitates of samples of Ramos cells stimulated

for 15 min on ice (Figure V.8A and Figure V.8B).  In BJAB cells stimulated over time at

37oC, the dissociation of CD20-cell surface immunoglobulin was already evident after

1min and complete by 2 to 5 min post-stimulation (Figure V.8B).

Several key membrane proximal signalling events are initiated upon BCR ligation

including the phosphorylation of Igα/Igβ by Src family kinases followed by docking and

activation of Syk (19).  The subsequent activation of PLCγ leads to the liberation of DAG

which, in turn, activates PKC.  To determine if the dissociation of cell surface

immunoglobulin from CD20 may be dependent upon some of these membrane-proximal

signalling effectors, inhibitor studies were performed.  Cell surface biotinylated Ramos B

cells were treated with either general kinase inhibitor (staurosporine), Src family kinase

inhibitor (PP2), Syk kinase inhibitor (piceatannol) or vehicle (DMSO) and then not

treated or stimulated via the BCR prior to lysis in digitonin.  Optimal doses and

conditions for inhibitor use had been previously established (142, 170, 171).  Inhibitor



124

Figure V.8.  Cell surface immunoglobulin dissociates from CD20 upon receptor

stimulation.  A. Ramos B cells (5 X 107 cells/sample) were cell surface biotinylated,

untreated or stimulated for 15 min on ice using anti-µ antibody and then lysed in

digitonin.  Lysates were then immunoprecipitated using either pre-immune (CT) or anti-

CD20 rabbit serum.  Samples were analysed by avidin (upper panel) or CD20 (lower

panel) blot.  Arrows indicate the cell surface immunoglobulin heavy (IgH) and light (IgL)

chains.  Data are representative of at least ten experiments.  B.  BJAB B cells (2 X 107

cells/sample) were prepared as for A except that cells were either untreated or stimulated

on ice or at 37oC for the indicated times.  Arrows indicate the cell surface

immunoglobulin heavy (IgH) and light (IgL) chains as well as where CD20 is expected to

localize.  Note that the IgH is less strongly labelled with biotin in this experiment as

compared to the light chain.  Data are representative of three experiments.
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effectiveness in these experiments was confirmed by phosphotyrosine blot of pre-

immunoprecipitation lysate aliquots taken from samples that had been treated with

DMSO, PP2, and/or piceatannol (Figure V.9A).  A decrease in global BCR-mediated

tyrosine phosphorylation following exposure to inhibitor as compared to unstimulated

control indicated that the PP2 treatment had been successful.  Although there was no

obvious decrease in tyrosine phosphorylation with piceatannol treatment alone, BCR-

mediated tyrosine phosphorylation in cells treated with both piceatannol and PP2 was

decreased to a greater extent than by using PP2 alone.  This result indicated that the

piceatannol was having an affect.  The effectiveness of staurosporine was confirmed by

CD20 blot of pre-immunoprecipitation lysate aliquots taken from samples that had been

treated with DMSO or staurosporine (Figure V.9B).  Reduced presence of the upper

CD20 band after treatment indicated that staurosporine was effective (142).  CD20 was

then immunoprecipitated from the digitonin lysates from similarly treated cells and

samples analysed by avidin blot.  Bands corresponding with cell surface immunoglobulin

were reduced substantially in all CD20 immunoprecipitates in BCR stimulated samples

regardless of the inhibitor used (Figure V.10).  These results indicated that CD20-BCR

dissociation happened in the absence of signalling events.

The F(ab’)2 anti-µ antibody used to stimulate the BCR is quite large (~200 kDa)

and binds to a membrane proximal epitope of cell surface immunoglobulin.  It was

possible that the dissociation of cell surface immunoglobulin from CD20 was a result of

steric hindrance by the ligating antibody.  In order to test whether this was the case,

F(ab’)2 anti-µ antibody was added to digitonin lysate and its effect on CD20-protein

associations monitored.  Ramos B cells were cell surface biotinylated and then divided.
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Figure V.9.  Inhibitor pre-treatment of B cells results in decreased protein

phosphorylation.  A. Ramos B cells were treated with either DMSO, 100 µM PP2 for 5

min, 50 µg/mL piceatannol (pic) for 30 min, or 100 µM PP2 for 5 min with 50 µg/mL

piceatannol (pic + PP2) for 30 min at 37oC and then either untreated or stimulated with

F(ab’)2 anti-µ antibody for 5 min at 37oC.  Cells were lysed in digitonin and lysates (2.5

X 105 cell equivalents/sample) were analysed by anti-phosphotyrosine (ptyr) western

blot.  B. Ramos B cells were treated with either DMSO, or 10 µM staurosporine (stauro)

for 15 min at 37oC and then either untreated or stimulated with F(ab’)2 anti-µ antibody for

5 min at 37oC.  Cells were lysed in digitonin and lysates (2.5 X 105 cell

equivalents/sample) were analysed by CD20 western blot.  Note the 35 kDa form of

CD20 (indicated by an arrow) is less apparent with staurosporsine treatment.  Data are

representative of one (pic + PP2) and two (PP2, pic and stauro) experiments.
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Figure V.10.  Cell surface immunoglobulin dissociation from CD20 is independent

of signalling events.  Ramos B cells (5 X 107 cells/sample) were cell surface

biotinylated, treated with either DMSO, 10 µM staurosporine (stauro) for 15 min, 50

µg/mL piceatannol (pic) for 30 min, or 100 µM PP2 for 5 min at 37oC and then either

untreated or stimulated with F(ab’)2 anti-µ antibody for 5 min at 37oC.  Cells were lysed

in digitonin and immunoprecipitated using anti-CD20 rabbit serum.  Immunoprecipitates

were analysed by avidin (upper panel) or CD20 (lower panel) blot.  Arrows indicate the

cell surface immunoglobulin heavy (IgH) and light (IgL) chains.  Data are representative

of two (stauro and PP2) and three (pic) experiments.
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One set of cells were untreated or stimulated using F(ab’)2 anti-µ for 15 min on ice, then

lysed and cleared lysates immunoprecipitated using anti-CD20 rabbit serum.  The other

set of cells were lysed and either no antibody or F(ab’)2 anti-µ was added to the lysates

followed by immunoprecipitation with anti-CD20 rabbit serum.  Samples were then

analyzed by avidin blot.  Although the bands corresponding with the BCR heavy and

light chains were not detected in samples stimulated prior to lysis, they were still detected

in samples treated with anti-µ  after lysis (Figure V.11A).  CD20-cell surface

immunoglobulin association was not disrupted by addition of the ligating antibody to

lysates despite its ability to bind to immunoglobulin under these same conditions (refer

back to Figures V.2 and V.4).  This result indicates that dissociation was not caused by

steric hindrance by the ligating antibody.

Since dissociation of cell surface immunoglobulin from CD20 required ligation of

receptor on intact cells, experiments were then performed to determine whether or not

dissociation required receptor cross-linking.  Ramos B cells were cell surface

biotinylated, untreated or stimulated with F(ab’)2 anti-µ or Fab anti-µ and then lysed in

digitonin.  CD20 immunoprecipitates were analysed by avidin blot.  Dissociation only

occurred when BCR was ligated on intact cells with F(ab’)2 anti-µ cross-linking antibody

and not when Fab having the same specificity was used (Figure V.11B).  These results

indicated that the BCR dissociates from CD20 upon cell surface receptor cross-linking.

There was the possibility that cell surface immunoglobulin became insoluble in

digitonin upon receptor ligation by either attaching to the cytoskeleton or having a

different affinity for lipids and cholesterol, while CD20 remained soluble.  Western blot

analysis of anti-µ immunoprecipitates from similarly treated cell lysates indicated that
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Figure V.11.  Cell surface immunoglobulin dissociation from CD20 requires

receptor cross-linking on intact cells.  A. Ramos B cells (5 X 107 cells/sample) were

cell surface biotinylated.  Intact cells or lysates were either untreated or stimulated using

F(ab’)2 anti-µ for 15 min on ice. Intact cells were then lysed in digitonin and all samples

immunoprecipitated using anti-CD20 antibody.  Immunoprecipitates were analysed by

avidin (upper panel) and CD20 (lower panel) blot.  Arrows indicate the cell surface

immunoglobulin heavy (IgH) and light (IgL) chains. Data are representative of two

experiments.  B. Ramos B cells (5 X 107 cells/sample) were cell surface biotinylated,

untreated or stimulated with either F(ab’)2 anti-µ or Fab anti-µ for 15 min on ice, lysed in

digitonin and then immunoprecipitated with anti-CD20 antibody.  Immunoprecipitated

proteins were analysed by avidin (upper panel) and CD20 (lower panel) blot.  Arrows

indicate the cell surface immunoglobulin heavy chain.
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cell surface immunoglobulin had indeed become insoluble in BCR stimulated samples

(data not shown).  This suggested that the observed dissociation of cell surface

immunoglobulin from CD20 might be the consequence of an induced change in its

detergent solubility.  To address this, the relative localization of cell surface

immunoglobulin and CD20 was examined by immunofluoresence microscopy in DRMs

isolated from Brij58 sucrose density gradients prepared from BJAB GFP.CD20 B cells,

either stimulated or unstimulated on ice with F(ab’)2 anti-µ  antibody (Figure V.12).  The

extent of CD20 colocalization with cell surface immunoglobulin was substantially

reduced in the stimulated samples (refer back to Figure V.5), providing independent

evidence of physical separation of the BCR from CD20.

C.  Discussion

Preliminary chemical cross-linking studies comparing membrane permeable and

non-permeable cross-linkers indicated no obvious difference in the protein aggregates

immunoprecipitated with anti-CD20 antibody from B cell lysates.  Similarly, avidin blot

analysis of CD20 immunopreciptates from total protein versus cell surface biotinylated B

cell digitonin lysates also revealed no differences in associated proteins (data not shown).

Together, these results suggested that CD20 likely associated with membrane proteins in

unstimulated cells.  As a result, the series of experiments detailed in this chapter were

aimed at examining possible cell surface molecules that associate with CD20.

In this series of experiments, we demonstrate CD20 association with cell surface

molecules corresponding with ~80 kDa, ~45 kDa and ~29 kDa in size.  Although we

were not able to identify the ~45 kDa protein, we were able to confirm that the ~80 kDa
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Figure V.12.  Cell surface immunoglobulin is detected within lipid rafts after

receptor stimulation and dissociation from CD20.  BJAB B cells stably expressing

CD20.GFP (5 X 107 cells/sample) were either untreated or stimulated using Cy3-

conjugated F(ab’)2 anti-µ for 15 min on ice.  Samples were lysed in 1% Brij-58 and DRM

fractions prepared by sucrose gradient centrifugation.  DRMs isolated from the

unstimulated sample were counterstained using biotin conjugated Fab anti-µ followed by

Cy3-conjugated avidin.  Percent colocalization was calculated using Co-Localizer Pro

software and is indicated below each image.  Data are representative of six (- anti-µ) and

ten (+ anti-µ) fields.
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Figure V.13.  Summary of results in Chapter V.  In resting B cells, CD20 is associated

with an unidentified ~45 kDa protein as well as with cell surface immunoglobulin.  CD20

association with cell surface immunoglobulin occurs within lipid rafts.  Upon receptor

engagement, cell surface immunoglobulin dissociates from CD20.  Their dissociation

requires BCR cross-linking on intact cells and occurs in the absence of signalling events.

The dissociation of cell surface immunoglobulin from CD20 may act to facilitate

processes either resulting in BCR internalization or signalling events.
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and ~29 kDa proteins represent the BCR heavy and light chains, respectively.  CD20

association with cell surface immunoglobulin occurs within lipid rafts (Figure V.13),

situating it with the receptor that triggers its involvement in calcium entry.  Upon

receptor engagement, cell surface immunoglobulin is no longer detected in association

with CD20 in immunoprecipitates from digitonin lysates.  Their dissociation requires

BCR cross-linking on intact cells and occurs independently of signalling events.

C.1. The ~45 kDa protein

As mentioned above, we have shown that the CD20 digitonin complex includes

an unidentified ~45 kDa component.  Unlike the BCR heavy and light chains, it did not

dissociate from CD20 upon receptor ligation.  Despite attempts to identify the ~45 kDa

protein by mass spectrometry, no definitive results were obtained.  Because of its

proximity to the heavy chain of the immunoprecipitating antibody, the signal of the ~45

kDa protein was masked by the shear quantity of unrelated protein.  An unidentified

protein of similar molecular weight has been previously shown to co-precipitate with

CD20 in NP-40 lysis buffer (113).  Candidate proteins include the transmembrane

proteins CD23 (FcεRII; 45kDa), CD32 (FcγRII; 40kDa), and CD40 (48 kDa) as well as

the GPI-anchored protein CD48 (45kDa).

CD48 is a GPI-anchored protein considered to be a marker of lipid raft domains

and is widely expressed on leukocytes (241).  It mediates cell adhesion and is related to

the immunoglobulin family sub-group of proteins that includes CD2 and LFA3 (241).

CD20 and CD48 have been reported to localize to the same lipid raft microdomains



140

(242).  The possible identity of the ~45 kDa protein with CD48 is currently being

investigated.

CD40 has previously been shown to be physically associated with CD20 (160).

Their physical association, as well as that of MHCII, were observed in the less stringent

detergent CHAPS in which larger aggregates of proteins are maintained.  To test the

possibility that the ~45 kDa protein associated with CD20 in digitonin was CD40, Ramos

B cells were lysed and CD20 immunoprecipitated for CD40 western blot, but CD40 was

not detected.

The association of CD20 with an Fc receptor (FcR) expressed on B lymphocytes,

either CD23 (FcεRII) or CD32 (FcγRII), was anticipated because CD20 shares amino

acid sequence similarity with MS4A2 (FcRβ)) which is a component of FcR complexes

(128).  Ligation of CD20 on B cells has been shown to cause CD23 shedding from the

cell membrane (200, 243).  However, the identity of the ~45 kDa protein with CD23 was

ruled out since CD23 expression was not detected by flow cytometry on the B cell lines

used for this study.  CD20 association with a ~45 kDa protein was also observed in a T

cell line (Molt-4) and a nonhematopoetic cell line (CHO) exogenously expressing CD20,

suggesting that the protein may be ubiquitously expressed (data not shown).  CD23

expression and that of CD32 and CD40 is restricted to hematopoetic cells and dendritic

cells.  Because of its association with CD20 regardless of cell type, it is possible that the

~45 kDa protein may play an important role possibly as a channel or regulatory protein.

Future experiments using 2D gel electrophoresis may aid in identifying this protein.
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C.2. CD20 and cell surface immunoglobulin

The CD20 associated cell surface proteins of ~80 kDa and ~29 kDa were

identified as the cell surface immunoglobulin heavy and light chains, respectively.

Approximately 10.2% of total CD20 co-precipitated with anti-µ antibody (refer back to

Figure V.4A; lower panel), while the equivalent amount of cell surface immunoglobulin

(~10.2%) associated with CD20 (refer back to Figure V.4A; upper panel).  These values

may be an under-estimate if the association is not completely stable in digitonin.  As

well, these values reflected only the relative proportion of total protein in association with

the other, not stoichiometry.  The results in Chapter III indicate that four monomers of

CD20 would likely associate with each molecule of cell surface immunoglobulin.

CD20 association with cell surface immunoglobulin in digitonin lysates was not

unexpected, since CD20 and BCR had previously been shown to colocalize in the plasma

membrane by immunofluorescence microscopy (145).  There are several possible reasons

that CD20 may not have been detected previously in the BCR complex.  The studies

examining the stoichiometry of cell surface immunoglobulin with Igα/β were performed

by transfecting BCR components into the murine J558L plasmacytoma cell line (237).

This cell line is terminally differentiated and likely does not express CD20.  In other

studies using cells that do express CD20, CD20 may not have been detected because its

small extracellular loop contains few residues available for cell surface labelling.  As

well, even if CD20 was successfully labelled it may have been difficult to distinguish

from the cell surface immunoglobulin light chain whose size can be very close to that of

CD20 depending upon the cell line (refer to Figure V.2).
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In previous studies addressing CD20 associations with cell surface proteins, its

association with the BCR heavy and light chains was also not reported.  Only a small

proportion of cell surface immunoglobulin forms a complex with CD20 so it may have

been below the level of detection.  In at least one study, antibody directed against an

extracellular epitope of CD20 was added to intact cells prior to lysis so that CD20 could

be immunoprecipitated effectively (161).  This may have resulted in the separation of

CD20 from adjacent proteins because of steric effects.  In this situation, CD20-cell

surface immunoglobulin association may have been disrupted upon binding of the

immunoprecipitating antibody.  The CD20 complex in association with cell surface

immunoglobulin may also not have been maintained in some cases since detergents other

than digitonin had been used for sample preparation (113, 162).  In an additional study,

CD20 was immunoprecipitated from digitonin lysates of the human Raji B cell line that

expresses very low levels of non-functional receptor (120).  There were hints as to CD20

association with cell surface immunoglobulin in at least one published report.  Bands

similar in size to the IgM heavy and light chains were observed in CD20

immunoprecipitates from the T51 lymphoblastoid cell line as well as in tonsil NP-40

lysates; however, these were reported to be non-specific because similar bands were

observed in the isotype control samples (161).  The protein A used in the CD20 and

control immunoprecipitations is reactive with human IgM antibody and similarly reactive

with IgM cell surface immunoglobulin.  As well, protein A binding is enhanced with

certain kappa light chains.  These factors can make specific immunoprecipitation of cell

surface immunoglobulin difficult.
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C.3. What about Igα/β?

In this study, proteins corresponding in size with Igα/β (48/39 kDa) were

sometimes observed in the avidin blots of CD20 immunoprecipitates from cell surface

biotinylated cell lysates (refer to Figure V.9).  Igα and Igβ have been found to be weakly

labelled with biotin in comparison with the BCR heavy and light chains (46), so the

heterodimer may have been present but not detected consistently by avidin blot analysis.

It is possible that CD20 may be linked indirectly to Igα/β  via cell surface

immunoglobulin, forming a larger complex similar to that of MS4A2 (FcRβ) that not

only associates with the high affinity receptor for IgE (FcεRI) and low affinity receptor

for IgG (FcγRIII) but also with the gamma chain homodimer signalling component (57,

128, 129).  The association of Igα/β is largely dependent upon polar and aromatic

residues in the IgM transmembrane domain and is required for IgM cell surface

expression (244).  The single Igα/β heterodimer could shield the interface of one heavy

chain, while CD20 could interact with the other.  My experiments, however, provided no

strong evidence for their inclusion in the CD20-BCR cell surface immunoglobulin

complex.

Another possibility is that the cell surface immunoglobulin residing constitutively

within lipid rafts may be a part of a different complex including only CD20.  Most, if not

all, lipid raft localized BCR immunoglobulin is associated with CD20 (refer to Figure

V.5).  CD20 itself may shield the IgM transmembrane residues, acting to localize the

complex to lipid rafts where receptor ligation may initiate distinct signals.  Indeed, B

cells isolated from a murine CD20 knockout model have reduced cell surface IgM
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expression suggesting a possible role for CD20 in the transport of a sub-population of

IgM to the cell surface (120).

C.4. BCR-mediated dissociation of cell surface immunoglobulin from CD20

Upon receptor stimulation, cell surface immunoglobulin dissociated from CD20.

Immunofluorescence microscopy results had shown that CD20 and BCR are highly

colocalized in the plasma membrane after 1min stimulation at 37oC and dissociate over

time of stimulation (145).  Here, their degree of physical association was greatest in

unstimulated cells and decreased rapidly upon receptor stimulation, even upon

stimulation on ice.  These results were not completely consistent with those observed

using immunofluorescence microscopy of intact cells treated similarly since this method

may not have provided images of high enough resolution to detect small changes in

membrane protein localization.

As was mentioned in the results, the dissociation of cell surface immunoglobulin

from CD20 upon receptor stimulation possibly reflected a change in its solubility in

detergent.  Early studies had shown that cell surface immunoglobulin becomes insoluble

in NP-40 or Triton X-100 detergent upon receptor cross-linking on ice (245-247).  This

observation was initially interpreted as resulting from receptor attachment to the

cytoskeleton (246-248).  Detergent insolubility requires cross-linking of cell surface

receptor and occurs in a temperature-independent, energy-independent fashion (246,

249).  Cell surface immunoglobulin became detergent insoluble even in the absence of

the Igα/β signalling components, where very little, if any tyrosine kinase signalling, was

detected upon receptor ligation (250).
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Subsequent studies indicated that receptor association with lipid rafts, in part,

could also account for their detergent insolubility and that this phenomenon could even

occur in cells stimulated on ice (42, 44, 145, 251).  Indeed, images of lipid rafts under

such conditions show separate CD20 and BCR containing rafts (Figure V.5) (145).

Consistent with this, a previous observation of the reduced solubility of cell surface

immunoglobulin in digitonin upon antigen-specific cross-linking of BCR was suggested

as being a result of a change of its association with lipid rafts (252).

The dissociation of B cell receptor from CD20 upon receptor cross-linking may

act to facilitate processes either resulting in B cell receptor internalization or signalling

events (Figure V.13).  Antigen engagement of B cells has been shown to destabilize the

cell surface immunoglobulin-Igα/β complex within the plasma membrane.  Physical

separation of the antigen binding and signalling components of the BCR is thought to act

as a mechanism for receptor desensitization in anergic B cells (253, 254) as well as to

facilitate internalization of the receptor in mature B cells (255).  In mature B cells, the

majority of Igα/β remains on the cell surface (256).  A few Igα/β heterodimers associate

with residual cell surface immunoglobulin (256), while some Igα/β act to transduce

signals in complex with MHCII upon its aggregation by TCR (257).  The dissociation of

CD20 and cell surface immunoglobulin may serve a similar purpose, however,

preliminary data indicates that BCR internalization still occurs in mouse splenic B cells

in the absence of CD20 (Tammy Unruh and Julie Deans, unpublished data).  Unlike the

dissociation of CD20 and cell surface immunoglobulin; however, BCR destabilization is

dependent upon signalling events and the receptor remains soluble in the CHAPS

detergent used in those studies (253, 255).
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C.5. CD20-cell surface immunoglobulin and lipid rafts

The mutual localization of CD20 and associated cell surface immunoglobulin

within lipid raft plasma membrane microdomains and their subsequent dissociation may

be required for BCR regulation of CD20 function.  It has been speculated that the

dynamic lateral movement of the BCR in the plasma membrane upon its ligation may act

to situate it away from certain modulatory molecules, but in closer proximity with others

(6).  Compartmentalization is thought to promote the regulatory control of Kv1.3

channels by tyrosine phosphorylation and result in suppressed internalization of these

channels (258).  The common localization of cardiac L-type calcium channels to caveolae

is required for its regulation by β2-adrenergic receptors (259).  Similarly, the dynamic

colocalization of CD20 and cell surface immunoglobulin within lipid rafts may serve as a

regulatory control mechanism for CD20.  Dissociation of cell surface immunoglobulin

may allow CD20 to be more receptive to phosphorylation and intracellular calcium

release.



147

VI.  CD20 DYNAMICALLY ASSOCIATES WITH PHOSPHOPROTEINS AND
CALMODULIN BINDING PROTEINS UPON B CELL RECEPTOR LIGATION

A. Introduction

In the last chapter, we examined CD20 associations with cell surface molecules.

In the process, we found that CD20 associates with cell surface immunoglobulin and, at

least, one other unidentified protein of ~45 kDa.  A series of experiments were then

undertaken to try to determine whether or not there were additional proteins recruited to

the CD20 complex after BCR stimulation.

Several previous studies had attempted to identify CD20 associated signalling

molecules.  CD20 had been shown to be associated with Src family kinases as well as the

adapter molecule Cbp/PAG (48, 168).  However, the association of these molecules with

CD20 was determined to be a result of their mutual localization to lipid rafts and may not

be functional in nature.  The cytoplasmic domains of CD20 contain multiple putative

serine/threonine phosphorylation sites, including those for casein kinase II and CAMKII

(136, 137, 163, 164). Both of these kinases have been shown to phosphorylate CD20 in

vitro.  Their physical association with CD20 as well as the functional relevance of these

observations has not been demonstrated.

The series of experiments described in this chapter were aimed at identifying

possible CD20 associated signalling molecules.  In order to examine the broadest range

of associated molecules, CD20 associations were studied using 1) phosphotyrosine blot,

2) phosphoserine/threonine blot, and 3) calmodulin overlay.  A widely used antibody,

4G10, was used to detect tyrosine phosphorylated molecules.  Since there are multiple

consensus sequences for phosphorylation of serine and threonine residues, commercial
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antibodies had not been available until recently.  Blotting conditions had to be established

prior to examining CD20 associated phosphoserine/threonine proteins.

Some molecules such as CAMKII can be modulated by phosphorylation as well

as by calcium responsive proteins (66).  One such calcium sensing protein, calmodulin,

can act directly by binding channels or indirectly by binding to numerous signalling

effectors (66).  Calmodulin can interact with more than 300 proteins including those

involved in modulating protein phosphorylation (260).  It has primarily been shown to

interact with serine/threonine protein kinases, but with only one protein phosphatase,

calcineurin (66).

Calmodulin is a ~17 kDa acidic protein containing two EF hands at each end of

an alpha helix (261, 262).  As the calcium concentration increases within the cell,

calcium binds co-ordinately to these EF hands resulting in the conformational change and

increased hydrophobicity of calmodulin (66, 261, 262).  Calmodulin can then interact

with proteins whose activity it modulates.  This calcium dependent conformational

change of calmodulin has been utilized as a tool for detecting proteins containing

calmodulin-binding domains, including in calmodulin overlays (263-267).  Early studies

had utilized radioactively labelled calmodulin to probe samples that had been separated

by SDS-PAGE (263, 265).  This process was time-consuming and provided high

background, so the overlay method was modified.  The samples were separated by SDS-

PAGE, transferred to nitrocellulose and then probed with radioactively labelled

calmodulin (264).  Subsequently, a process using biotinylated calmodulin in conjunction

with an avidin detection system was developed (266, 267).  Biotinylation was found not

to influence the ability of calmodulin to bind to other proteins.  Calmodulin binding
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proteins could be detected with nanogram sensitivity within hours as opposed to days and

with lower background signal.

Using these methods, we demonstrate BCR-mediated CD20 association with

several tyrosine/serine/threonine phosphosphorylated proteins as well as calmodulin

binding proteins.

B. Results

B.1. CD20 dynamically associates with several tyrosine phosphorylated proteins upon

BCR ligation

BCR engagement initiates a series of signalling events characterized by changes

in protein phosphorylation.  Upon receptor ligation, Igα/β are phosphorylated on tyrosine

residues by the Src family kinase Lyn.  The tyrosine kinase Syk is then recruited and

activated, leading to the initiation of several different signalling pathways (refer to Figure

I.1) (19).  A yet uncharacterized series of signalling events results in CD20

phosphorylation, suggesting that constitutively or dynamically associated proteins could

regulate its function.  In order to examine potential CD20 associations with tyrosine

phosphorylated proteins, Ramos B cells were either untreated or stimulated over time

with anti-µ antibody and then lysed in digitonin.  CD20 was immunoprecipitated from

the lysates and the samples were analysed by phosphotyrosine western blot.  In these

experiments, a ~60kDa tyrosine phosphorylated protein (pp60) was reproducibly detected

in the CD20 complex after 5 min of receptor stimulation (Figure VI.1A), a time point at

which cell surface immunoglobulin had dissociated from CD20 as judged by biochemical
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Figure VI.1.  CD20 associates with tyrosine phosphorylated proteins upon BCR

stimulation.  A.  Ramos B cells (5 X 107 cells/sample) were unstimulated or stimulated

with anti-µ antibody for 15 min on ice or for 5 min at 37oC.  Cells were lysed in digitonin

and cleared lysates were immunoprecipitated for CD20.  Samples were analysed by

phosphotyrosine (ptyr; upper panel) and CD20 (lower panel) blot.  B. Ramos B cells (5 X

107 cells/sample) were unstimulated or stimulated with anti-µ antibody for the times and

conditions indicated.  Samples were analysed by phosphotyrosine (ptyr; upper panel) and

CD20 (lower panel) blot.  Arrows indicate prominent phosphoproteins.  Data are

representative of four experiments.
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methods (refer back to Figure V.8).  The experiment was repeated with a longer time

course of receptor stimulation and CD20 association with pp60 was observed at the 5 min

time point once again, but not at earlier (2 min) or later (15 min) times (Figure VI.1B).

Additional tyrosine phosphorylated proteins of ~65 kDa (pp65) and ~75 kDa (pp75) were

detected in CD20 immunoprecipitates in this experiment (Figure VI.1B).  The ~65 kDa

phosphoprotein was observed most prominently after 5 min anti-µ stimulation at 37oC,

while pp75 was detected in association with CD20 after receptor stimulation for 15 min

on ice up to 5 min at 37oC (Figure VI.1A and Figure VI.1B).  The ~65 kDa and ~75 kDa

phosphoproteins were detected inconsistently.  They were observed in Figure VI.1B and

other experiments, but they were not prominent in the experiment shown in Figure

VI.1A.  The ~50 kDa and ~25 kDa bands corresponded with the heavy and light chains of

the immunoprecipitating antibody.

B.2. CD20 dynamically associates with several serine/threonine phosphorylated

proteins upon BCR ligation

To detect potential CD20-associated serine/threonine phosphorylated proteins, the

serine/threonine western blotting conditions were first established.  Ramos B cells were

stimulated with anti-µ over time and then lysed.  Lysate samples were separated by SDS-

PAGE and blotted for serine/threonine phosphorylated proteins.  Initial blots of samples

that had been lysed in buffer containing standard protease inhibitors did not reveal any

obvious changes in protein phosphorylation over time of BCR stimulation.  The potent

serine/threonine protein phosphatase inhibitor microcystin-LR was then included in the

lysis buffer in an effort to more strongly inhibit protein dephosphorylation.  These
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samples were then analysed by western blot.  Many proteins whose phosphorylation did

not change over time of stimulation were still detected; however, several dynamically

phosphorylated proteins were revealed (Figure VI.2).  Based on this result, microcystin-

LR was included in the lysis buffer of subsequently prepared samples examining CD20

associated serine/threonine phosphoproteins.

Ramos B cells were stimulated with anti-µ, lysed in digitonin and then CD20

immunoprecipitated.  Immunoprecipitates were analysed by serine/threonine western blot

using the established conditions.  CD20 transiently associated with a ~100 kDa protein

after 30s of stimulation.  A >175 kDa protein was detected at 1 min and association was

sustained until at least the 2 min time point (Figure VI.3).  These associated

phosphoproteins were observed reproducibly.  Additionally, CD20 appeared to be

constitutively associated with ~45 kDa and >200 kDa proteins whose phosphorylation

was enhanced after 1min of receptor stimulation.  CD20 itself was not detected despite

being basally phosphorylated, possibly because the blotting antibody does not detect

every one of the numerous phosphorylated serine/threonine kinase consensus sequences.

The very prominent bands of ~50 kDa and ~25 kDa corresponded with the heavy and

light chains of the immunoprecipitating antibody.

Experiments undertaken to identify the CD20 associated phosphoproteins

provided no definitive results.  The ~60kDa CD20 associated tyrosine phosphoprotein

detected in this study corresponded in size with some of the Src family kinases.  In order

to determine if one of the Src family kinases was recruited to the CD20 complex, Ramos

B cells were untreated or stimulated with anti-µ for 5 min at 37oC, lysed in digitonin and

CD20 immunoprecipitated.  Samples were analysed by western blot using an antibody
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Figure VI.2.  Changes in serine/threonine phosphorylated proteins upon BCR

stimulation.  Ramos B cells were unstimulated (UN) or stimulated with anti-µ antibody

at 37oC for the times indicated.  Cells were lysed in digitonin.  Lysates (4 X 105 cell

equivalents/sample) were analysed by phosphoserine/threonine blot (pser/thr; upper

panel).  To control for loading, the membrane was analysed by CD20 blot (lower panel).

Arrows indicate several proteins whose phosphorylation changes over time of receptor

stimulation.
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Figure VI.3.  CD20 associates with serine/threonine phosphorylated proteins upon

BCR stimulation.  Ramos B cells (5 X 107 cells/sample) were unstimulated (UN) or

stimulated with anti-µ antibody at 37oC for the times indicated.  Cells were lysed in

digitonin.  Cleared lysates were immunoprecipitated for CD20.  Samples were analysed

by phosphoserine/threonine (pser/thr; upper panel) and CD20 (lower panel) blot.  Arrows

indicate prominent phosphoproteins.  Data are representative of three experiments.
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directed against an activation epitope that is conserved between several of the Src kinase

family members.  Despite being previously identified to associate with CD20 (168), Src

family kinases were not detected in CD20 immunoprecipitates in this experiment.  This

was not surprising since CD20 association with Src family kinases were determined to be

a result of their mutual localization within lipid rafts (Haidong Li and Julie Deans,

unpublished data) (135, 168, 268).  Lipid rafts are likely disrupted in the digitonin lysis

buffer used in these experiments.

In addition, attempts were made to identify CD20-associated proteins by mass

spectrometry.  Ramos B cells were either unstimulated or stimulated with anti-µ antibody

at 37oC over time and then lysed in digitonin.  Cleared lysates were immunoprecipitated

with CD20 antibody covalently conjugated to Sepharose beads.  The samples were run on

SDS-PAGE and the gel stained using PageBlue Protein Staining Solution.  In the initial

experiment, several proteins were recruited to the CD20 complex upon BCR stimulation

with their association peaking at 1 min and decreasing immediately afterwards.  These

included proteins of ~190 kDa, ~105 kDa, ~70 kDa and ~45 kDa.

In order to identify these proteins, the experiment was repeated.  Ramos B cells

were stimulated for 1 min at 37oC, since it was at this time point that the protein

associations were most pronounced.  The cells were lysed, pelleted and the soluble lysate

divided into two samples.  One sample was immunoprecipitated with anti-CD20

antibody-conjugated Sepharose beads, while the other was immunoprecipitated with

isotype control antibody-conjugated beads.  Once again, several protein bands were

specifically observed in the CD20 immunoprecipitate sample including proteins of ~190

kDa, ~105 kDa, ~70 kDa, and ~45 kDa (Figure VI.4).  These bands were excised from
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the gel and sent for sequencing by mass spectrometry.  Sequences for these proteins were

obtained by peptide mass fingerprint (PMF) or, in some cases, by tandem mass

spectrometry (LC/MS/MS) (Table VI.1).  Possible identities were determined based on

the number of peptide matches with the database, the probability that the matches were

not random events (Mowse Score) as well as appropriate protein mass compared to that

of the band excised from the gel.  The proteins were identified as cytoskeletal associated

proteins as follows:  myosin (~190 kDa), actinin (~105 kDa), L-plastin (~70 kDa) and

actin (~45 kDa) (discussed further below).  Their specific and functional associations

with CD20 were not confirmed.

Table VI.1.  Possible Identities of BCR-mediated CD20 Associated Proteins as
Determined by Mass Spectrometry
Approximate
MW (kDa)

Possible Identity PMF or
LC/MS/MS

Predicted
Mass

Mowse
Score*

Peptide
Matches#

190 myosin-9
(myosin heavy
chain, nonmuscle
Iia)

PMF 227515 2261 96

105 alpha-actinin 4 PMF 105245 937 24
70 L-plastin

(Lymphocyte
cytosolic protein
1) (LCP-1)
(LC64P)

LC/MS/MS 70815 144 5

45 actin, cytoplasmic
1 (Beta-actin)

PMF 42052 412 47

*  Mowse scores of at least 32 or greater indicate identity or extensive homology
#  Number of sample peptides matching those of a protein in the database
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Figure VI.4.  Detection of CD20-associated proteins following BCR stimulation.

Ramos B cells (1 X 108 cells/sample) were stimulated with anti-µ antibody for 1 min at

37oC.  Cells were lysed in digitonin and then divided in two sets of samples.  One set of

samples was immunoprecipitated with human IgG-conjugated Sepharose beads (CT)

while the other set was immunoprecipitated with rituximab-conjugated Sepharose beads

(CD20).  Samples were resuspended in sample buffer, analysed by SDS-PAGE and

proteins visualized using PageBlue Protein Staining solution.  The stained gel was

imaged using the LI-COR Odyssey.  Arrows indicate CD20 associated proteins and

possible identities as determined by mass spectrometry.  Data are representative of three

experiments.
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B.3. CD20 associates with calmodulin binding proteins upon BCR ligation

We speculated that some of the CD20 associated phosphoproteins were calcium

sensitive signalling molecules because of the demonstrated involvement of CD20 in

calcium entry.  In order to examine this possibility, the presence of calcium sensitive

signalling molecules within the CD20 complex was examined.  We decided to

specifically study CD20 associations with calmodulin binding proteins by using a

calmodulin overlay assay (266).  The specificity of the overlay was first established.  The

proteins in Ramos B cell lysates were separated by SDS-PAGE and transferred to PVDF

membrane.  The membrane was then incubated with biotinylated calmodulin in the

presence of calcium or the calcium-chelating agent EDTA.  Numerous calmodulin

binding proteins were detected in the presence of calcium.  These associations were

abolished in the EDTA containing buffer demonstrating that calmodulin had bound to the

membrane adherent proteins in a calcium dependent fashion (Figure VI.5).

Calmodulin overlays were then performed on CD20 immunoprecipitates.  Ramos

B cells were unstimulated or stimulated with anti-µ for 1min and lysed in digitonin.

Cleared lysates were divided in half and immunoprecipitated with control or CD20

antibody.  Samples were then analysed by calmodulin overlay and visualized using the

LI-COR Odyssey system.  Calcium was included in the buffers used for the overlay so

that calcium dependent calmodulin-protein associations could be examined.  Calmodulin

overlay revealed CD20 association with several calmodulin binding proteins of ~68 kDa,

~83 kDa and a doublet of ~175 kDa. The association with the ~68 kDa calmodulin

binding protein appeared to be enhanced after 1min of stimulation (Figure VI.6A).  These
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Figure VI.5.  Detection of calmodulin binding proteins by calmodulin overlay.

Ramos B cells were lysed in digitonin.  Protein samples (4 X 105 cell equivalents/sample)

were run on SDS-PAGE and transferred to PVDF.  Calmodulin (CAM) overlays were

performed in the presence of 1 mM calcium or 5 mM EDTA.
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proteins likely associated specifically since they were not observed in the corresponding

isotype controls.

In order to examine changes in CD20 associations with calmodulin binding

proteins over time, Ramos cells were unstimulated or anti-µ stimulated over a longer time

course and then lysed.  Lysate samples were then immunoprecipitated for CD20 and

analysed by calmodulin overlay.  Calmodulin binding proteins of ~65 kDa and ~80 kDa

were observed to associate with CD20 (Figure VI.6B).  These proteins likely

corresponded with the ~68 kDa and ~83 kDa calmodulin binding proteins observed in

Figure VI.6A, but migrated slightly faster as a result of gel-to-gel variation.  Consistent

with Figure VI.6A, the ~65 kDa protein associated transiently after 1 min of stimulation.

In contrast, the ~80 kDa protein appeared to associate transiently with CD20 in this

experiment since it was only detected at the 4 min time point.

In order to identify the CD20 associated calmodulin binding proteins, a

calmodulin pulldown experiment was performed.  The 5 min time point for stimulation

was chosen since the association of the ~68 kDa protein with CD20 appeared to peak at

between 2 to 8 min of stimulation (data not shown), while the ~175 kDa protein was

constitutively associated.  As well, there was the possibility that the ~50 kDa tyrosine

phosphorylated protein shown to associate with CD20 after 5 min of receptor stimulation

(refer to Figure VI.1) was a calmodulin binding protein.  Since several of the calmodulin

binding proteins appeared to be recruited to the CD20 complex after B cell activation,

Ramos B cells were stimulated with anti-µ for 5 min and then lysed in digitonin. Cleared

lysate was divided into two sets of samples.  One set was immunoprecipitated with pre-

immune rabbit serum while the other set was immunoprecipitated with anti-CD20 rabbit
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Figure VI.6.  CD20 associates with several calmodulin-binding proteins upon BCR

stimulation.  A . Ramos B cells (1 X 108 cells/sample) were unstimulated (UN) or

stimulated with anti-µ antibody at 37oC 1 min. Cells were lysed in digitonin and divided

in two.  One sample in each set was immunoprecipitated with control (CT) or CD20

antibody.  Samples were analysed by calmodulin overlay (upper panel) and CD20 blot

(lower panel).  Blots were visualized using the LI-COR Odyssey.  B. Ramos B cells (5 X

107 cells/sample) were unstimulated (UN) or stimulated with anti-µ antibody at 37oC for

the times indicated.  Cells were lysed in digitonin and immunoprecipitated with CD20

antibody. Samples were analysed by calmodulin overlay (upper panel) and CD20 blot

(lower panel).  Blots were visualized using the Biorad FluorS Max System.  Arrows

indicate prominent calmodulin binding proteins. Data are representative of five

experiments.
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Figure VI.7.  Detection of CD20-associated calmodulin-binding proteins following

elution from CD20 immunoprecipitates and calmodulin pulldown.  Ramos B cells (1

X 109 cells/sample) were stimulated with anti-µ antibody for 5 min at 37oC. Cells were

lysed in digitonin and then divided in two sets of samples.  One set of samples was

immunoprecipitated with pre-immune control (CT) while the other set was

immunoprecipitated with anti-CD20 rabbit serum.  Anti-CD20 rabbit serum was also

added to a similar volume of lysis buffer alone as an antibody alone control (Ab alone).

Immunoprecipitated protein was eluted using 100 mM glycine (pH 2.5) and neutralized

with a final concentration of 100 mM TRIS-HCl (pH 8.0).  Eluted protein was

concentrated using Amicon centrifugal devices having a 5000 Da molecular weight cut-

off.  Calmodulin-conjugated beads were added to the concentrated samples to pull down

calmodulin binding proteins.  Samples were resuspended in sample buffer, analysed by

SDS-PAGE and proteins visualized using PageBlue Protein Staining solution.  The

stained gel was imaged using the LI-COR Odyssey.  Arrows indicate CD20 associated

calmodulin binding proteins.  Data are representative of two experiments.



169

                                          



170

serum.  Anti-CD20 rabbit serum was also added to a similar volume of lysis buffer as an

antibody alone control.  Immunoprecipitated protein was eluted with glycine and then

neutralized with TRIS buffer.  Eluted proteins were then concentrated using centrifugal

devices.  Calmodulin-conjugated beads were added to the concentrated samples to pull

down calmodulin binding proteins.  Samples were resuspended in sample buffer,

analysed by SDS-PAGE and proteins visualized using PageBlue Protein Staining

Solution.  Upon comparison with control, several protein bands were detected

specifically in the CD20 sample (Figure VI.7).  Several of these proteins, specifically the

ones of ~180 kDa and ~85 kDa, possibly corresponded with those observed by

calmodulin overlay (refer to Figure VI.6), but migrated slightly differently due to gel

variation.  Proteins of ~180 kDa, ~120 kDa, ~85 kDa and ~78 kDa were excised from the

gel and sent for mass spectrometry analysis.  Unfortunately, the proteins could not be

identified since specific signals were overwhelmed by signal derived from contaminating

proteins particularly those from the rabbit serum used for the immunoprecipitation.

These issues could not be resolved despite repeated attempts.

C. Discussion

In this series of experiments, we show that CD20 associates with several

phosphoproteins and calmodulin binding proteins.  The CD20 associated phosphoproteins

include a ~60 kDa tyrosine phosphorylated protein as well as ~45 kDa, ~100 kDa, >175

kDa and >200 kDa serine/threonine phosphorylated proteins.  Calmodulin binding

proteins of ~68 kDa and ~83 kDa dynamically associate with CD20, while one of ~175
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kDa associates with it constitutively.  Despite many attempts to determine the identity of

these CD20 associated proteins, the results obtained were inconclusive.

Two different approaches were taken to identify the proteins found to associate

with CD20.  The first was to take a ‘blind’ approach where as many possible proteins

could be identified.  This process would allow for identification of even those proteins

that would not be taken into consideration based on the literature.  As mentioned in the

results, these experiments included immunoprecipitations as well as calmodulin

pulldowns for the purpose of mass spectrometry.  The second approach was to focus on

specific candidate proteins based on their likelihood of associating with CD20.  During

the course of my thesis, only one of these possibilities could be addressed thoroughly.

This strategy led to a series of experiments addressing the potential physical association

of CAMKII with CD20.  Additional candidate proteins that I did not have an opportunity

to study are also discussed.  Future identification of these phosphoproteins and

calmodulin binding proteins will be important in clarifying their role in association with

CD20.

C.1.  The ~60 kDa tyrosine phosphorylated protein

A tyrosine phosphorylated protein of ~60 kDa was found to associate with CD20

after 5 min of BCR stimulation.  This phosphoprotein does not appear to correspond with

any of the previously identified CD20 associated Src family kinases, based on western

blot analysis.  There was the possibility, however, that pp60 corresponds with a

calmodulin binding protein.  As mentioned above, CD20 can be phosphorylated by

CAMKII in vitro (137).  The various CAMKII isoforms are comprised of multiple
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subunits ranging in size from 54 to 60 kDa (66, 76), matching closely in size with the

CD20 associated pp60 reported in this study.  Although serine/threonine phosphorylation

is known to regulate CAMKII function, tyrosine phosphorylation has not been implicated

in the process, but cannot be ruled out.  CAMKII has been implicated in potentiating

SOC current in Xenopus oocytes (269). An isoform of CAMKII (CAMKIIα) has recently

been shown to localize to lipid rafts (270).  It is possible that an isoform expressed in B

cells, CAMKIIδ,, may also localize to lipid rafts where it may modulate CD20 function.

Experiments were performed to test whether CAMKII associated with CD20

before or after BCR stimulation.  Unfortunately, CD20 association with CAMKII was not

confirmed.  Initial experiments were addressed at examining the association of

endogenous CAMKII with CD20 in B cells.  Since endogenous CAMKII is not abundant

in lysate, it could not be detected by western blot analysis even after

immunoprecipitation.  A series of experiments was then performed using an

overexpression system in which HA-tagged CAMKII (CAMKII.HA) was transiently

expressed with CD20 in CHO cells.  To address the possibility that CAMKII only

associated with CD20 upon activation, constitutively active CAMKII.HA was also co-

transfected with CD20.  Cells were lysed, CD20 immunoprecipitated and samples

analysed by western blot.  Although CAMKII.HA could be detected in lysates by

immunoblot, it migrated at approximately the same position as the heavy chain of

immunoprecipitating antibody making interpretation difficult.  Interestingly, while

CAMKII.HA was soluble in digitonin lysis buffer, constitutively active CAMKII.HA was

insoluble, suggesting a possible activation-dependent change in detergent solubility.
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In order to achieve greater separation of CAMKII and the heavy chain of the

immunoprecipitating antibody, a GFP-tagged CAMKII (CAMKII.GFP) construct was

then made and stably expressed in BJAB B cells.  CAMKII.GFP was correctly targeted to

the cytoplasm as determined by immunofluorescence microscopy, and has previously

been shown to be functional in HEK293 cells (271).  Once again, the construct was

expressed at high enough levels to be detected by western blot analysis.  The cells were

lysed, CD20 immunoprecipitated and samples analysed by GFP western blot.

CAMKII.GFP co-precipitated with CD20 regardless of the lysis buffer used, however, it

also was observed in the control samples.

CAMKII kinase assays were performed and also provided inconclusive results.

Ramos B cells were either untreated or stimulated with anti-µ over time, lysed and then

immunoprecipitated using either pre-immune serum or anti-CD20 rabbit serum.  The

kinase assay was then performed in the presence of radioactive ATP, calmodulin, calcium

and substrate.  Consistent with the results obtained by western blot, the activity of

endogenous CAMKII was very low.  The BJAB B cell line stably expressing

CAMKII.GFP was then used in subsequent experiments.  Since CAMKII.GFP was

overexpressed, its activity was easily detected in anti-GFP immunoprecipitated samples.

CD20-associated CAMKII activity was approximately that of background, but the

background activity was higher than that of sample without substrate.  The high

background activity was not surprising considering that CAMKII was observed in control

immunoprecipitates by western blot analysis.  It has also been reported that background

CAMKII activity can be high in the absence of potent phosphatase inhibitors (262).  In

this situation, CAMKII could become constitutively active as a result of
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dephosphorylation of its regulatory autophosphorylation site (262).  Perhaps adjusting the

lysis conditions, increasing the stringency of the immunoprecipitation and/or including

additional protease inhibitors may provide a more clear result.

C.2.  The ~65 to ~68 kDa calmodulin binding protein

The CD20 associated ~65-68 kDa calmodulin binding protein could correspond

with calcineurin.  Calcineurin is a calcium/calmodulin-dependent serine/threonine

phosphatase comprised of a 60-65 kDa subunit in association with a 15-20 kDa subunit.

The 60-65 kDa subunit of calcineurin can be detected using calmodulin overlay (272) and

has been shown to regulate calcium release through IP3R (273) and RYR (274).  In the

case of RYR, calcineurin interacts specifically with the receptor via an adapter molecule

(274).  A complex comprised of proteins including one of  ~68 kDa identified as

calcineurin was shown to associate with the plasma membrane of human lymphoblastoid

cell lines in a calcium-dependent fashion (275).  A phosphatase has been implicated in

regulating CD20 phosphorylation (163, 164).  Inhibition of PKC activation has been

shown to enhance CD20 phosphorylation suggesting that PKC may modulate CD20

phosphorylation by regulating a phosphatase (163, 164).  PKC is capable of

phosphorylating calcineurin (138), raising the possibility that the phosphatase it regulates

may be calcineurin.  The ~65-68 kDa calmodulin binding protein detected in association

with CD20 after 1 min of BCR stimulation (Figure VI.5) could correspond with the

higher molecular weight subunit of calcineurin and act by modulating CD20 activity.

This possibility remains to be tested.
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C.3.  Casein kinase II

CD20 previously had been shown to be phosphorylated by casein kinase II in

vitro.  Casein kinase II is a tetramer comprised of two ~44 kDa subunits in association

with two ~22 kDa subunits.  Proteins corresponding in size with the subunits of casein

kinase II were not detected in any of these experiments.  The interaction of casein kinase

II with CD20 may have been very transient, thereby, making it difficult to detect.  If

CD20 association with casein kinase II was retained under the lysis conditions used, the

~44 kDa subunit may have been present, but masked by the strong signal of the heavy

chain of the immunoprecipitating antibody.  As well, casein kinase II association with

CD20 may occur at time points that were not tested in this series of experiments or may

be maintained in a different detergent.  Future studies will be aimed at determining

whether or not it does physically associate with CD20.

C.4.  The remaining CD20 associated proteins

There is the possibility that any of the phosphoproteins or calmodulin binding

proteins may correspond with a yet unidentified casein kinase-like serine/threonine

kinase that has been shown to immunoprecipitate with cell surface immunoglobulin

independently of Igα/β (250).  This association was shown in a variety of detergents

including digitonin (250).  Its association with cell surface immunoglobulin places this

kinase in proximity with CD20.
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C.5.  The cytoskeletal proteins

Several cytoskeletal proteins were identified to be in association with CD20 after

1 min of BCR stimulation by mass spectrometry.  These included myosin (~190 kDa),

actinin (~105 kDa), L-plastin (~70 kDa), and actin (~45 kDa).  These proteins are all

components of the actin cytoskeleton that is organized just beneath the plasma

membrane, which acts to control cell shape and motility (276).  The actin cytoskeleton

regulates a number of cellular functions by a process that involves dynamic

polymerization and depolymerization of actin monomers into actin filaments.  Actin

filaments are cross-linked by the actin-bundling protein, actinin, while filament

movement is mediated by the motor protein, myosin.  L-plastin is a cytosolic, leukocyte

specific actin bundling protein whose specific role is not known although there is some

evidence for its involvement in adhesion (277).  The dynamic activity of these

cytoskeletal proteins is modulated by calcium as well as phosphorylation.

There have been many unreported observations of cytoskeletal proteins being

detected in immunoprecipitated samples, which appear to be specific but are believed not

to be because of the shear abundance of these proteins.  As a result, the association of

these cytoskeletal proteins with CD20 may be an artefact.  However, there is the

possibility that their association is real.  CD20 is localized in lipid rafts and actin

polymerization is involved in recruiting signalling molecules into these plasma

membrane microdomains upon receptor activation (278).  CD20 has been implicated in

modulating B cell adhesion pathways (158, 160) and the actin cytoskeleton is an

important requirement of the adhesive function of integrins (279).  There is also some

evidence that the actin polymerization may act as a physical barrier regulating the
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coupling of store depletion with SOC entry (91).  These cytoskeletal proteins may also be

recruited into the proximity of CD20 by virtue of CD20 association with cell surface

immunoglobulin.  Activation-dependent BCR attachment to the cytoskeleton allows for

its internalization (248, 280), and recent evidence indicates that dynamic changes in actin

polymerization serve to regulate BCR-mediated signals and lipid raft coalescence (281,

282).  Future experiments will be aimed at determining the specificity and functional

relevance of the BCR-mediated association of these cytoskeletal proteins with CD20.

Since their association with CD20 was determined by mass spectrometry, the physical

association of these cytoskeletal proteins with CD20 would have to be confirmed by

western blot analysis.  Further experiments examining the dependence of calcium entry

on their BCR-mediated recruitment to the CD20 complex may help elucidate whether or

not these proteins have a functional association with CD20.
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VII.  DISCUSSION AND FUTURE EXPERIMENTS

A.  Overview

Signals mediated through the cell surface BCR are critical in determining B cell

fate.  Dependent upon the stage of development, these signals determine whether a B cell

undergoes apoptosis, anergy, or activation (5).  CD20 expression correlates with that of

the BCR during development (146).  Here, I have demonstrated that CD20 is organized at

the cell surface possibly as a tetramer, in association with cell surface immunoglobulin

and an unidentified ~45 kDa protein, situating it with the receptor that triggers its

involvement in calcium entry.  BCR engagement results in the dissociation of the

receptor from CD20 as well as the transient recruitment of several phosphoproteins and

calmodulin binding proteins to the CD20 multimeric complex.  These proteins may act to

modulate CD20 activity or that of other proteins that may be recruited to CD20.  I have

also provided evidence that the conformation of CD20 is modulated by plasma membrane

cholesterol.

B.  Is the CD20 homo-oligomer a channel?

Over the course of my thesis work, I was able to demonstrate that CD20

monomers are capable of forming homo-oligomers, possibly tetramers.  All CD20

localizes to higher molecular weight fractions on equilibrium gradients, indicating that

every CD20 monomer is organized in oligomers.  Experimental results support the

existence of CD20 homo-oligomers that are likely to be physiologically relevant in the

plasma membrane.  The ability of CD20 to homo-oligomerize is consistent with that of
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other known calcium channels including Orai1, IP3R and RYR (100, 172).  In

conjunction with other studies, my results lend support for CD20 identity as a SOC

channel.  Nevertheless, only additional biophysical data will be able to conclusively

demonstrate this role for CD20.  It has been argued that the most definitive studies would

require testing the ability of CD20 to mediate calcium flux in a lipid bilayer in the

absence of other proteins.  However, the putative CD20 channels may not assume an

open position in the absence of appropriate signals resulting from store depletion so it is

not clear the this experiment would yield any results.  Studies similar to those

demonstrating Orai1 identity as the CRAC channel are more likely to be informative.

The mutation of two acidic residues in the Orai1 transmembrane domains resulted in

decreased calcium entry and cation selectivity, providing strong evidence for Orai1

identity as the CRAC channel (97).  A similar experiment examining CD20 involvement

in SOC entry would include mutation of the charged residue (Asp137) in the third

transmembrane domain of CD20 and monitoring its influence on calcium selectivity and

entry.

C.  Association between cell surface immunoglobulin and CD20 in primary cells

I have demonstrated CD20 association with cell surface immunoglobulin in

human B cell lines.  However, examining CD20-cell surface immunoglobulin association

in primary B cells proved to be problematic.  In initial experiments, cell surface

immunoglobulin was detected, but it was also present in the control samples.  To reduce

the background, samples were pre-cleared with beads prior to immunoprecipitation.

Although cell surface immunoglobulin was still detected in the control, there was more
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observed in association with CD20.  The specificity of CD20 association with cell surface

immunoglobulin in human B cell lines was controlled by immunoprecipitating MHCII

and CD45 that are both expressed more highly than cell surface immunoglobulin (refer to

Figure V.4B).

The high background in the experiments examining CD20 associated proteins in

primary B cells was likely a result of the affinity of the protein A-conjugated beads for

the IgM cell surface immunoglobulin.  Antibody-conjugated beads were used in

subsequent experiments to resolve this problem.  The use of this method substantially

reduced the background.  In several experiments the overall signal of the western blots

was lower than in previous experiments, but CD20-associated  ~45 kDa, ~32 kDa and

~29 kDa proteins as well as a band of ~35 kDa, likely CD20, were detected specifically.

Although the ~83 kDa band corresponding with the cell surface immunoglobulin heavy

chain was not detected, the ~29 kDa protein probably corresponded with the

immunoglobulin light chain.  The cell surface immunoglobulin heavy chain can

sometimes be less strongly labelled with biotin as compared to light chain (refer to Figure

V.8B) and this may be especially true in primary cells.  Cell surface immunoglobulin

may have also been below the level of detection since naïve (dense) tonsillar B cells

express three to four times less cell surface IgM as compared with Ramos B cells (283).

The association between CD20 and cell surface immunoglobulin is likely to occur in

primary B cells, but is just more difficult to detect.  Perhaps, higher cell numbers per

sample or the use of a more sensitive detection system, such as the LI-COR Odyssey,

may be required to detect cell surface immunoglobulin in association with CD20 in

primary B cells.
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D.  Dissociation of cell surface immunoglobulin from CD20 by engagement of the

receptor antigen binding domain

BCR stimulation results in the dissociation of cell surface immunoglobulin from

CD20.  This process may allow CD20 to become more accessible and responsive to

signalling molecules.  As well, their dissociation may facilitate internalization of the

BCR, leaving CD20 on the cell surface for calcium signalling.

During the course of my thesis work, the responses of CD20-protein associations

to BCR ligation were examined by using an F(ab’)2 antibody directed against a

membrane proximal epitope to cross-link the IgM BCR.  Further experiments examining

the dissociation of ligated cell surface immunoglobulin from the CD20 complex could be

performed using conditions more closely mimicking antigen binding.  A modified B cell

superantigen SpA (ModSpA) has repeating subunits that bind specifically to the V

regions of the VH3 subfamily (used by about 30% of human B cells) (284-286).  Unlike

anti-µ, ModSpA cross-links and activates BCRs through V-region interactions only.

Primary human B cells could be isolated, untreated or stimulated with SpA, CD20

immunoprecipitated and analysed by anti-µ blot.  Although only ~30% of the cells may

be responsive, the dissociation of cell surface immunoglobulin from CD20 should still be

detectable.  To confirm these results, these experiments could be repeated in a human B

cell line expressing VH3-expressing cell surface immunoglobulin.

Additional studies could be performed using a transgenic mouse with B cells

expressing cell surface immunoglobulin with specificity for a known antigen such as hen

egg lysozyme (HEL).  The effect of antigen binding to the transgenic BCR on CD20-cell

surface immunoglobulin could be monitored.  Prior to performing such experiments,
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CD20 association with cell surface immunoglobulin would have to be confirmed.

Unfortunately, antibodies against mouse CD20 are not generally available.  Although

CD20-protein associations have been examined in the A20 mouse cell line, CD20

association with cell surface immunoglobulin was not reported (120).  However, these

experiments were not performed using lysis conditions that would maintain the protein-

protein associations within the CD20 complex.  Furthermore, A20 cells express do not

express IgM BCR, only IgG BCR and I have not addressed whether CD20 associates

with IgG.

E.  The role of CD20 and the knockout mouse

CD20 is a homo-oligomer, probably a tetramer, in association with cell surface

immunoglobulin.  Our lab has previously demonstrated a role for CD20 in BCR-mediated

calcium entry.  Together, these data have shown that CD20 is physically and functionally

associated with cell surface immunoglobulin.  The CD20 knockout mouse has been

characterized for effects on B cell development and antibody responses to T cell-

dependent antigen.  However, there are other criteria that have not been examined.  BCR-

mediated calcium entry is reduced in CD20 knock-out mouse splenic B cells, as is CD19-

mediated calcium entry in one model of CD20 deficient mice (120).  As mentioned in

Chapter V, the reduction in BCR-mediated calcium flux may be a consequence of

decreased cell surface IgM (120).  If CD20 is required for lipid raft localization of at least

some IgM, it would expected that there would be fewer lipid raft localized IgM in the

CD20 knockout mouse splenic B cells.  Lipid raft isolation could be performed to

determine whether or not this is the case.  Although no dramatic phenotype or differences
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in BCR- mediated tyrosine phosphorylation of proteins was reported (120, 143), criteria

not yet reported in the literature could be explored.  The effect of CD20 deficiency on the

BCR-mediated activation of specific downstream signalling effectors as well as on the

activation of transcription regulators and/or factors could be compared with that of

control mice.  The effects on gene transcription could also be monitored using micro

array analysis.

A more obvious phenotype resulting from CD20 deficiency may be revealed by

co-ligation of the BCR and CD19.  There is some evidence indicating that CD20 and

CD19 are in close physical association in primary human B cells, since anti-CD20

antibody labelling of these cells results in reduced binding by antibody against CD19

(Linda Ayer, Haidong Li and Julie Deans, unpublished data).  As well, the effect on

calcium entry in CD20 knock-out splenic B cells is more dramatic with CD19 ligation

than with BCR stimulation (120).  To test the effect of BCR-CD19 co-engagement,

experiments similar to those described above could be performed.  In order to conduct

these experiments, the wild type or CD20 deficient mice could be crossed with hen egg

lysozyme (HEL)-specific BCR transgenic mice.  Splenic B cells isolated from wild type

or CD20 knockout mice expressing the transgenic BCR could be stimulated with

recombinant antigen, HEL-C3d, containing HEL fused to three tandemly arranged copies

of C3d, the ligand for CD21, to co-ligate the BCR and CD19 co-receptor complex (52).

The effect of BCR-CD19 co-stimulation on tyrosine phosphorylation, calcium flux,

activation of transcription factors and gene up-regulation could then be determined.

To further test the response of CD20 deficient mice, a series of in vivo studies

could be undertaken.  Wild type and CD20 knock-out mice could be immunized with the
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HEL antigen and their antibody responses monitored over time.  These results could be

compared to those obtained by immunization using HEL-C3d which would co-engage the

BCR and CD19.  It is expected that there would likely be a decreased antibody response

to HEL-C3d, and possibly to HEL.

F.  BCR-mediated homotypic adhesion of CD20 knockout splenic B cells

Several cytoskeletal proteins were co-precipitated with CD20 following BCR

stimulation (refer to Figure VI.4).  Unpublished observations indicate that the detection

of cytoskeletal proteins in immunoprecipitates may not be specific.  Although CD20

association with these cytoskeletal proteins may be an artefact, there is a possibility that

their association is relevant.  CD20 has been implicated in LFA-1-dependent and LFA-1

independent B cell homotypic adhesion (158, 160).  It is well known that the actin

cytoskeleton is required for the adhesive function of integrins (279).  As a result, the

recruitment of the cytoskeletal proteins to the CD20 complex may be important for CD20

involvement in B cell homotypic adhesion.

In order to examine the role of CD20 in adhesion, a series of experiments

examining the affect of CD20 deficiency on BCR-mediated adhesion are currently being

performed.  Recent results acquired in collaboration with Dr. Mike Gold’s laboratory at

the University of British Columbia have been intriguing.  BCR-mediated adhesion was

enhanced in CD20 deficient mouse B cell spleens as compared with wild type control.

Adhesion appeared to be predominantly LFA-1 dependent regardless of the amount of

stimulating antibody, suggesting a role for CD20 in down-modulation of LFA-1 mediated

adhesion.
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These results appear to be contrary to previously published data.  CD20 ligation

was shown to up-regulate LFA-1 expression (151) and to induce B cell homotypic

adhesion (158, 160).  CD20 engagement also blocks LFA-1 independent adhesion

mediated by CD40 and MHCII (160).  Together, these data actually indicate a positive

role for CD20 in LFA-1 regulation.  However, LFA-1 independent homotypic adhesion is

almost exclusively enhanced when a high concentration of anti-CD20 antibody is used

(158) suggesting that, with increased CD20 engagement, signals inhibiting LFA-1

dependent adhesion are heightened.  However, it should be noted that BCR-mediated

adhesion has not been studied in relation to CD20.

It has been speculated that the threshold for LFA-1 activation is lower than that

for molecules involved in LFA-1-independent adhesion although both processes can be

involved when LFA-1 is activated (158).  It is possible that CD20 may act to inhibit both

LFA-1-dependent and LFA-1-independent adhesion.  In its absence, the LFA-1-

dependent pathways may be more sensitive to BCR-mediated signals resulting in

enhanced adhesion.  PKC activation appears to be involved in up-regulating LFA-1-

dependent adhesion, while it inhibits signalling events leading to the LFA-1-independent

adhesion (158).  CD20 may normally act to dampen BCR-mediated activation of PKC

allowing for both adhesion pathways to function.  In the absence of CD20, PKC signals

may be heightened, resulting in enhanced LFA-1-dependent adhesion and inhibition of

LFA-1-independent adhesion as compared with wild type controls.  To determine

whether or not this is the case, an inhibitor of PKC could be used and its effect on BCR-

mediated adhesion monitored.  If excessive PKC activation is responsible for the

enhanced adhesion in the CD20 knockout mice, then the inhibitor treatment should
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reduce adhesion and, perhaps, allow for LFA-1-independent adhesion to occur.  There is

also reduced expression of cell surface IgM in CD20 knockout cells, possibly the fraction

usually localized to lipid rafts with CD20.  Normally, these receptors may also serve in

conjunction with CD20 to regulate adhesion.

The profound effect on CD19-mediated calcium entry observed in CD20 deficient

splenic B cells (120) suggests that CD20 may actually play a role in responses to lower

affinity antigens.  Although various amounts of anti-µ antibody has been used to

stimulate the CD20 knockout splenic B cells in the adhesion assays mentioned above, it

may be better to monitor the effects of CD20 deficiency using a system where the BCR

can be engaged by lower affinity antigen.  In order to determine whether lower affinity

antigen initiates different adhesion pathways, the CD20 knockout expressing transgenic

HEL-specific BCR, described above, could be utilized.  Cells could then be stimulated

using HEL to provide a maximal response in addition to a series of mutant HEL with

varying affinities for the BCR (287) and the effects on adhesion monitored.  These

antigens could also be loaded at various densities onto artificial lipid bilayers to mimic

the B cell sampling of antigen on a target cell using previously reported conditions (287).

To test the involvement of BCR/CD19 co-ligation on adhesion, the HEL-C3d antigen

described above could be used to stimulate these cells.

G.  Is CD48 the unknown adhesion molecule?

The adhesion molecules involved in the LFA-1 independent pathway have not

been identified.  However, it appears that they do not have identity with any of the
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integrins, but rather are novel or unknown molecules with a less characterized role in

cell-cell adhesion (158, 160).

The ligation of CD20 on LFA-1 deficient cells by two different antibodies has

provided contradictory results perhaps hinting toward a possible identity for the unknown

adhesion molecule.  In one report, a high concentration of anti-CD20 B1 antibody

initiated LFA-1-independent adhesion almost exclusively (158).  Binding of anti-CD20

R21 antibody to LFA-1 deficient cells blocked CD40- and MHCII-mediated B cell

homotypic adhesion (160).  These effects could possibly be attributed to differences in

the epitopes recognized by the two anti-CD20 antibodies.  In the experiments using R21,

adhesion may have been prevented by signals, perhaps PKC activation, generated

through CD20.  However, the R21 antibody is IgM isotype and, as a result, quite large

(~400 kDa).  Its binding may have sterically hindered adhesion by a protein in close

proximity with CD20.

One possible candidate for the adhesion molecule involved in LFA-1-independent

adhesion that is currently being investigated in our lab is the GPI-anchored protein CD48.

CD48 is a ~45 kDa glycosylated, lipid raft resident protein belonging to the

immunoglobulin superfamily that has been shown to be involved in cell-cell adhesion

(241, 288).  During T cell-dependent B cell responses, it is believed that the distance

between the two cells is, in part, stabilized by adhesion between CD2 on T cells with

CD48 on B cells (288, 289).

CD48 co-localizes with CD20 in lipid rafts (242).  Its size, role in adhesion as

well as its expression in B cells and T cells (241, 288), makes CD48 a possible candidate
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for the CD20 associated ~45 kDa protein.  As a result, their common localization may

have functional consequences.

Since CD48 is a GPI-anchored protein, a human B cell line deficient in the ability

to express GPI-anchored proteins, courtesy of Dr. Steve Robbins, is currently being used

to test any effects on anti-CD20 B1 antibody mediated homotypic adhesion as compared

with control cells.  Since CD20 ligation can also result in up-regulation of LFA-1, the

studies will also be performed using LFA-1 blocking antibody to allow for detection of

changes in LFA-1 independent adhesion.  In order to determine whether CD48

corresponds with the CD20 associated ~45 kDa protein, studies examining CD20-protein

associations within these cells will also be undertaken.  Regardless of the identity of the

~45 kDa protein, CD20 is clearly involved in B cell adhesion and its involvement in this

process will have to be explored further.

H.  CD20 and the B cell synapse

B cells are typically activated by antigen anchored on other cells.  During the

initial phase of this process, the B cell spreads over the antigen-bearing target cell and

then contracts, gathering bound antigen into a central aggregate (287).  Membrane

proteins reorganize to form an immunological synapse at the interface between the two

cells (290).  The cell surface immunoglobulin with interacting antigen clusters in the

center of the synapse, surrounded by a ring of the adhesion molecules LFA-1/ICAM-1

(291).  The degree of the resulting B cell response is dependent upon the quantity of

antigen and extent of B cell activation (287).  B cell VLA-4 interaction with target cell



189

VCAM-1 is an important prerequisite for recognition of low affinity antigen by the BCR

(292).

As in T cells, receptor-mediated activation of tyrosine kinases may precede B cell

synapse formation (293) suggesting that synapse formation actually serves to maintain

calcium signals (91).  CD20 and cell surface immunoglobulin have been shown to

localize to microvilli (142, 294), consistent with their membrane co-localization (145)

and physical association.  Their residency on microvilli may facilitate interaction of cell

surface immunoglobulin with antigen bound on target cells.  CD20 localization to

microvilli and, possibly, the B cell synapse may serve 1) to localize calcium signals,

and/or 2) to generate signals important for adhesion whether by CD48 or other adhesion

molecules during B cell synapse formation.

If CD20 is important for facilitating antigen recognition by the BCR, then

experiments using wild type or CD20 deficient mouse splenic B cells expressing a

transgenic HEL-specific BCR could be used to monitor the effects on B cell synapse

formation.  As done for previous studies examining B cell synapse formation, GFP

conjugated to HEL antigen could be loaded onto artificial lipid bilayers (287).  Mouse

splenic B cells could be labelled with the membrane dye, PKH26, and their ability to

spread over the antigen-loaded lipid bilayer monitored by fluorescence microscopy.  The

B cells could also be stained using fluorophore-conjugated non-blocking Fab anti-µ

antibody to follow the movement of the BCR in response to the GFP-conjugated HEL

(292).  As described in previous sections, these experiments could be performed using

HEL antigen having a variety of affinities as well as with HEL-C3d to cross-link the

BCR and CD19.



190

PUBLICATIONS

1. Li, H., L. Ayer, M. J. Polyak, C. M. Mutch, R. J. Petrie, L. Gauthier, N. Shariat,

M. J. Hendzel, A. R. Shaw, K. D. Patel, and J. P. Deans.  2004.  The CD20

Calcium Channel is Localized to Microvilli and Constitutively Associated with

Membrane Rafts:  Antibody Binding Increases the Affinity of the Association

through an Epitope-dependent Cross-linking Independent Mechanism.  J Biol

Chem  279:19893.

2. Polyak, M. J., L. Ayer, A. J. Szczepek, J. P. and Deans.  2003.  A cholesterol-

dependent CD20 epitope detected by the FMC7 antibody.  Leukemia 17:1384.

3. Deans, J. P., H. Li, and M. J. Polyak.  2002.  CD20-mediated apoptosis:

Signaling through lipid rafts.  Immunology 106:1.

4. Polyak, M. J., and J. P. Deans.  2002.  Alanine-170 and Proline-172 are critical

determinants for extracellular CD20 epitopes.  Heterogeneity in the fine

specificity of CD20 monoclonal antibodies is defined by additional requirements

imposed by both primary sequence and quaternary structure.  Blood 99:3256.

5. Polyak, M. J. and J. P. Deans.  2002.  CD20 workshop panel report. In Leucocyte

Typing VII (ed. D. Mason et al.), Oxford University Press, Oxford.

6. Polyak, M. J., S. H. Tailor, and J. P. Deans.  1998.  Identification of a

Cytoplasmic Region of CD20 Required for its Redistribution to a Detergent-

insoluble Membrane Compartment.  J Immunol 161:3242.



191

7. Deans, J. P., S. R. Robbins, M. J. Polyak, and J. A. Savage.  1998.  Rapid

Redistribution of CD20 to a Low-density Detergent-insoluble Membrane

Compartment.  J Biol Chem 273:344.

MANUSCRIPTS IN PREPARATION

1. Polyak, M. J., N. Shariat, H. Li, and J. P. Deans.  Constitutive physical

association of CD20 with the B cell antigen receptor; dissociation and recruitment

of phosphoproteins upon receptor engagement.



192

REFERENCES

1. Pleiman, C. M., D. D'Ambrosio, and J. C. Cambier. 1994. The B-cell antigen

receptor complex: structure and signal transduction. Immunol Today 15:393.

2. Chaplin, D. D. 2003. 1. Overview of the immune response. J Allergy Clin

Immunol 111:S442.

3. Birkeland, M. L., and J. G. Monroe. 1997. Biochemistry of antigen receptor

signaling in mature and developing B lymphocytes. Crit Rev Immunol 17:353.

4. Fuentes-Panana, E. M., G. Bannish, and J. G. Monroe. 2004. Basal B-cell receptor

signaling in B lymphocytes: mechanisms of regulation and role in positive

selection, differentiation, and peripheral survival. Immunol Rev 197:26.

5. Benschop, R. J., and J. C. Cambier. 1999. B cell development: signal transduction

by antigen receptors and their surrogates. Curr Opin Immunol 11:143.

6. Matsuuchi, L., and M. R. Gold. 2001. New views of BCR structure and

organization. Curr Opin Immunol 13:270.

7. Zubler, R. H. 2001. Naive and memory B cells in T-cell-dependent and T-

independent responses. Springer Semin Immunopathol 23:405.

8. Gold, M. R., and L. Matsuuchi. 1995. Signal transduction by the antigen receptors

of B and T lymphocytes. Int Rev Cytol 157:181.

9. Vos, Q., A. Lees, Z. Q. Wu, C. M. Snapper, and J. J. Mond. 2000. B-cell

activation by T-cell-independent type 2 antigens as an integral part of the humoral

immune response to pathogenic microorganisms. Immunol Rev 176:154.



193

10. McHeyzer-Williams, L. J., and M. G. McHeyzer-Williams. 2005. Antigen-

specific memory B cell development. Annu Rev Immunol 23:487.

11. Kosco-Vilbois, M. H., H. Zentgraf, J. Gerdes, and J. Y. Bonnefoy. 1997. To 'B' or

not to 'B' a germinal center? Immunol Today 18:225.

12. Song, H., X. Nie, S. Basu, and J. Cerny. 1998. Antibody feedback and somatic

mutation in B cells: regulation of mutation by immune complexes with IgG

antibody. Immunol Rev 162:211.

13. Tarlinton, D. 1998. Germinal centers: form and function. Curr Opin Immunol

10:245.

14. Camacho, S. A., M. H. Kosco-Vilbois, and C. Berek. 1998. The dynamic structure

of the germinal center. Immunol Today 19:511.

15. Arpin, C., J. Dechanet, C. Van Kooten, P. Merville, G. Grouard, F. Briere, J.

Banchereau, and Y. J. Liu. 1995. Generation of memory B cells and plasma cells

in vitro. Science 268:720.

16. Geisberger, R., R. Crameri, and G. Achatz. 2003. Models of signal transduction

through the B-cell antigen receptor. Immunology 110:401.

17. Reth, M. 1989. Antigen receptor tail clue. Nature 338:383.

18. Kurosaki, T. 1999. Genetic analysis of B cell antigen receptor signaling. Annu

Rev Immunol 17:555.

19. Dal Porto, J. M., S. B. Gauld, K. T. Merrell, D. Mills, A. E. Pugh-Bernard, and J.

Cambier. 2004. B cell antigen receptor signaling 101. Mol Immunol 41:599.

20. Fu, C., C. W. Turck, T. Kurosaki, and A. C. Chan. 1998. BLNK: a central linker

protein in B cell activation. Immunity 9:93.



194

21. Kurosaki, T., and S. Tsukada. 2000. BLNK: connecting Syk and Btk to calcium

signals. Immunity 12:1.

22. DeFranco, A. L. 1997. The complexity of signaling pathways activated by the

BCR. Curr Opin Immunol 9:296.

23. Gallo, E. M., K. Cante-Barrett, and G. R. Crabtree. 2006. Lymphocyte calcium

signaling from membrane to nucleus. Nat Immunol 7:25.

24. Freedman, B. D. 2006. Mechanisms of calcium signaling and function in

lymphocytes. Crit Rev Immunol 26:97.

25. Berridge, M. J. 1995. Capacitative calcium entry. Biochem J 312 ( Pt 1):1.

26. Lewis, R. S. 1999. Store-operated calcium channels. Adv Second Messenger

Phosphoprotein Res 33:279.

27. Dutta, D. 2000. Mechanism of store-operated calcium entry. J Biosci 25:397.

28. Venkatachalam, K., D. B. van Rossum, R. L. Patterson, H. T. Ma, and D. L. Gill.

2002. The cellular and molecular basis of store-operated calcium entry. Nat Cell

Biol 4:E263.

29. Berridge, M. J. 1997. The AM and FM of calcium signalling. Nature 386:759.

30. Dolmetsch, R. E., R. S. Lewis, C. C. Goodnow, and J. I. Healy. 1997. Differential

activation of transcription factors induced by Ca2+ response amplitude and

duration. Nature 386:855.

31. Dolmetsch, R. E., K. Xu, and R. S. Lewis. 1998. Calcium oscillations increase the

efficiency and specificity of gene expression. Nature 392:933.

32. Hashimoto, A., H. Okada, A. Jiang, M. Kurosaki, S. Greenberg, E. A. Clark, and

T. Kurosaki. 1998. Involvement of guanosine triphosphatases and phospholipase



195

C-gamma2 in extracellular signal-regulated kinase, c-Jun NH2-terminal kinase,

and p38 mitogen-activated protein kinase activation by the B cell antigen

receptor. J Exp Med 188:1287.

33. Jiang, A., A. Craxton, T. Kurosaki, and E. A. Clark. 1998. Different protein

tyrosine kinases are required for B cell antigen receptor-mediated activation of

extracellular signal-regulated kinase, c-Jun NH2-terminal kinase 1, and p38

mitogen-activated protein kinase. J Exp Med 188:1297.

34. Marshall, A. J., H. Niiro, T. J. Yun, and E. A. Clark. 2000. Regulation of B-cell

activation and differentiation by the phosphatidylinositol 3-kinase and

phospholipase Cgamma pathway. Immunol Rev 176:30.

35. Niiro, H., and E. A. Clark. 2002. Regulation of B-cell fate by antigen-receptor

signals. Nat Rev Immunol 2:945.

36. Fruman, D. A. 2004. Phosphoinositide 3-kinase and its targets in B-cell and T-cell

signaling. Curr Opin Immunol 16:314.

37. Pierce, S. K. 2002. Lipid rafts and B-cell activation. Nat Rev Immunol 2:96.

38. Simons, K., and E. Ikonen. 1997. Functional rafts in cell membranes. Nature

387:569.

39. Simons, K., and D. Toomre. 2000. Lipid rafts and signal transduction. Nat Rev

Mol Cell Biol 1:31.

40. Zajchowski, L. D., and S. M. Robbins. 2002. Lipid rafts and little caves.

Compartmentalized signalling in membrane microdomains. Eur J Biochem

269:737.



196

41. Guo, B., R. M. Kato, M. Garcia-Lloret, M. I. Wahl, and D. J. Rawlings. 2000.

Engagement of the human pre-B cell receptor generates a lipid raft-dependent

calcium signaling complex. Immunity 13:243.

42. Sproul, T. W., S. Malapati, J. Kim, and S. K. Pierce. 2000. Cutting edge: B cell

antigen receptor signaling occurs outside lipid rafts in immature B cells. J

Immunol 165:6020.

43. Chung, J. B., M. A. Baumeister, and J. G. Monroe. 2001. Cutting edge:

differential sequestration of plasma membrane-associated B cell antigen receptor

in mature and immature B cells into glycosphingolipid-enriched domains. J

Immunol 166:736.

44. Cheng, P. C., M. L. Dykstra, R. N. Mitchell, and S. K. Pierce. 1999. A role for

lipid rafts in B cell antigen receptor signaling and antigen targeting. J Exp Med

190:1549.

45. Aman, M. J., and K. S. Ravichandran. 2000. A requirement for lipid rafts in B cell

receptor induced Ca(2+) flux. Curr Biol 10:393.

46. Petrie, R. J., P. P. Schnetkamp, K. D. Patel, M. Awasthi-Kalia, and J. P. Deans.

2000. Transient translocation of the B cell receptor and Src homology 2 domain-

containing inositol phosphatase to lipid rafts: evidence toward a role in calcium

regulation. J Immunol 165:1220.

47. Pike, L. J., and L. Casey. 1996. Localization and turnover of phosphatidylinositol

4,5-bisphosphate in caveolin-enriched membrane domains. J Biol Chem

271:26453.



197

48. Awasthi-Kalia, M., P. P. Schnetkamp, and J. P. Deans. 2001. Differential effects

of filipin and methyl-beta-cyclodextrin on B cell receptor signaling. Biochem

Biophys Res Commun 287:77.

49. Fearon, D. T., and M. C. Carroll. 2000. Regulation of B lymphocyte responses to

foreign and self-antigens by the CD19/CD21 complex. Annu Rev Immunol

18:393.

50. Tedder, T. F., K. M. Haas, and J. C. Poe. 2002. CD19-CD21 complex regulates an

intrinsic Src family kinase amplification loop that links innate immunity with B-

lymphocyte intracellular calcium responses. Biochem Soc Trans 30:807.

51. Cherukuri, A., P. C. Cheng, H. W. Sohn, and S. K. Pierce. 2001. The CD19/CD21

complex functions to prolong B cell antigen receptor signaling from lipid rafts.

Immunity 14:169.

52. Cherukuri, A., T. Shoham, H. W. Sohn, S. Levy, S. Brooks, R. Carter, and S. K.

Pierce. 2004. The tetraspanin CD81 is necessary for partitioning of coligated

CD19/CD21-B cell antigen receptor complexes into signaling-active lipid rafts. J

Immunol 172:370.

53. Leprince, C., K. E. Draves, R. L. Geahlen, J. A. Ledbetter, and E. A. Clark. 1993.

CD22 associates with the human surface IgM-B-cell antigen receptor complex.

Proc Natl Acad Sci U S A 90:3236.

54. Nitschke, L. 2005. The role of CD22 and other inhibitory co-receptors in B-cell

activation. Curr Opin Immunol 17:290.

55. Kelm, S., J. Gerlach, R. Brossmer, C. P. Danzer, and L. Nitschke. 2002. The

ligand-binding domain of CD22 is needed for inhibition of the B cell receptor



198

signal, as demonstrated by a novel human CD22-specific inhibitor compound. J

Exp Med 195:1207.

56. Lanoue, A., F. D. Batista, M. Stewart, and M. S. Neuberger. 2002. Interaction of

CD22 with alpha2,6-linked sialoglycoconjugates: innate recognition of self to

dampen B cell autoreactivity? Eur J Immunol 32:348.

57. Ravetch, J. V., and S. Bolland. 2001. IgG Fc receptors. Annu Rev Immunol

19:275.

58. Ono, M., S. Bolland, P. Tempst, and J. V. Ravetch. 1996. Role of the inositol

phosphatase SHIP in negative regulation of the immune system by the receptor

Fc(gamma)RIIB. Nature 383:263.

59. Aman, M. J., A. C. Tosello-Trampont, and K. Ravichandran. 2001. Fc gamma

RIIB1/SHIP-mediated inhibitory signaling in B cells involves lipid rafts. J Biol

Chem 276:46371.

60. Bolland, S., R. N. Pearse, T. Kurosaki, and J. V. Ravetch. 1998. SHIP modulates

immune receptor responses by regulating membrane association of Btk. Immunity

8:509.

61. Scharenberg, A. M., O. El-Hillal, D. A. Fruman, L. O. Beitz, Z. Li, S. Lin, I.

Gout, L. C. Cantley, D. J. Rawlings, and J. P. Kinet. 1998. Phosphatidylinositol-

3,4,5-trisphosphate (PtdIns-3,4,5-P3)/Tec kinase-dependent calcium signaling

pathway: a target for SHIP-mediated inhibitory signals. Embo J 17:1961.

62. Pearse, R. N., T. Kawabe, S. Bolland, R. Guinamard, T. Kurosaki, and J. V.

Ravetch. 1999. SHIP recruitment attenuates Fc gamma RIIB-induced B cell

apoptosis. Immunity 10:753.



199

63. Reth, M. 2002. Hydrogen peroxide as second messenger in lymphocyte

activation. Nat Immunol 3:1129.

64. Singh, D. K., D. Kumar, Z. Siddiqui, S. K. Basu, V. Kumar, and K. V. Rao. 2005.

The strength of receptor signaling is centrally controlled through a cooperative

loop between Ca2+ and an oxidant signal. Cell 121:281.

65. Feske, S., H. Okamura, P. G. Hogan, and A. Rao. 2003. Ca2+/calcineurin

signalling in cells of the immune system. Biochem Biophys Res Commun

311:1117.

66. Carafoli, E., L. Santella, D. Branca, and M. Brini. 2001. Generation, control, and

processing of cellular calcium signals. Crit Rev Biochem Mol Biol 36:107.

67. Saijo, K., I. Mecklenbrauker, A. Santana, M. Leitger, C. Schmedt, and A.

Tarakhovsky. 2002. Protein kinase C beta controls nuclear factor kappaB

activation in B cells through selective regulation of the IkappaB kinase alpha. J

Exp Med 195:1647.

68. Su, T. T., B. Guo, Y. Kawakami, K. Sommer, K. Chae, L. A. Humphries, R. M.

Kato, S. Kang, L. Patrone, R. Wall, M. Teitell, M. Leitges, T. Kawakami, and D.

J. Rawlings. 2002. PKC-beta controls I kappa B kinase lipid raft recruitment and

activation in response to BCR signaling. Nat Immunol 3:780.

69. Rusnak, F., and P. Mertz. 2000. Calcineurin: form and function. Physiol Rev

80:1483.

70. Kincaid, R. L., H. Takayama, M. L. Billingsley, and M. V. Sitkovsky. 1987.

Differential expression of calmodulin-binding proteins in B, T lymphocytes and

thymocytes. Nature 330:176.



200

71. Genestier, L., M. T. Dearden-Badet, N. Bonnefoy-Berard, G. Lizard, and J. P.

Revillard. 1994. Cyclosporin A and FK506 inhibit activation-induced cell death in

the murine WEHI-231 B cell line. Cell Immunol 155:283.

72. Graves, J. D., K. E. Draves, A. Craxton, J. Saklatvala, E. G. Krebs, and E. A.

Clark. 1996. Involvement of stress-activated protein kinase and p38 mitogen-

activated protein kinase in mIgM-induced apoptosis of human B lymphocytes.

Proc Natl Acad Sci U S A 93:13814.

73. Winslow, M. M., E. M. Gallo, J. R. Neilson, and G. R. Crabtree. 2006. The

calcineurin phosphatase complex modulates immunogenic B cell responses.

Immunity 24:141.

74. Kanno, T., and U. Siebenlist. 1996. Activation of nuclear factor-kappaB via T cell

receptor requires a Raf kinase and Ca2+ influx. Functional synergy between Raf

and calcineurin. J Immunol 157:5277.

75. Trushin, S. A., K. N. Pennington, A. Algeciras-Schimnich, and C. V. Paya. 1999.

Protein kinase C and calcineurin synergize to activate IkappaB kinase and NF-

kappaB in T lymphocytes. J Biol Chem 274:22923.

76. Braun, A. P., and H. Schulman. 1995. The multifunctional calcium/calmodulin-

dependent protein kinase: from form to function. Annu Rev Physiol 57:417.

77. Nghiem, P., S. M. Saati, C. L. Martens, P. Gardner, and H. Schulman. 1993.

Cloning and analysis of two new isoforms of multifunctional Ca2+/calmodulin-

dependent protein kinase. Expression in multiple human tissues. J Biol Chem

268:5471.



201

78. Valentine, M. A., A. J. Czernik, N. Rachie, H. Hidaka, C. L. Fisher, J. C.

Cambier, and K. Bomsztyk. 1995. Anti-immunoglobulin M activates nuclear

calcium/calmodulin-dependent protein kinase II in human B lymphocytes. J Exp

Med 182:1943.

79. Liu, H., and T. Grundstrom. 2002. Calcium regulation of GM-CSF by

calmodulin-dependent kinase II phosphorylation of Ets1. Mol Biol Cell 13:4497.

80. Berridge, M. J., M. D. Bootman, and P. Lipp. 1998. Calcium--a life and death

signal. Nature 395:645.

81. Healy, J. I., R. E. Dolmetsch, L. A. Timmerman, J. G. Cyster, M. L. Thomas, G.

R. Crabtree, R. S. Lewis, and C. C. Goodnow. 1997. Different nuclear signals are

activated by the B cell receptor during positive versus negative signaling.

Immunity 6:419.

82. Healy, J. I., and C. C. Goodnow. 1998. Positive versus negative signaling by

lymphocyte antigen receptors. Annu Rev Immunol 16:645.

83. Miyakawa, T., A. Maeda, T. Yamazawa, K. Hirose, T. Kurosaki, and M. Iino.

1999. Encoding of Ca2+ signals by differential expression of IP3 receptor

subtypes. Embo J 18:1303.

84. Wilson, H. A., D. Greenblatt, C. W. Taylor, J. W. Putney, R. Y. Tsien, F. D.

Finkelman, and T. M. Chused. 1987. The B lymphocyte calcium response to anti-

Ig is diminished by membrane immunoglobulin cross-linkage to the Fc gamma

receptor. J Immunol 138:1712.



202

85. Choquet, D., M. Partiseti, S. Amigorena, C. Bonnerot, W. H. Fridman, and H.

Korn. 1993. Cross-linking of IgG receptors inhibits membrane immunoglobulin-

stimulated calcium influx in B lymphocytes. J Cell Biol 121:355.

86. Phillips, N. E., and D. C. Parker. 1984. Cross-linking of B lymphocyte Fc gamma

receptors and membrane immunoglobulin inhibits anti-immunoglobulin-induced

blastogenesis. J Immunol 132:627.

87. Sei, Y., K. L. Gallagher, and A. S. Basile. 1999. Skeletal muscle type ryanodine

receptor is involved in calcium signaling in human B lymphocytes. J Biol Chem

274:5995.

88. Hosoi, E., C. Nishizaki, K. L. Gallagher, H. W. Wyre, Y. Matsuo, and Y. Sei.

2001. Expression of the ryanodine receptor isoforms in immune cells. J Immunol

167:4887.

89. Sei, Y., B. W. Brandom, S. Bina, E. Hosoi, K. L. Gallagher, H. W. Wyre, P. A.

Pudimat, S. J. Holman, D. J. Venzon, J. W. Daly, and S. Muldoon. 2002. Patients

with malignant hyperthermia demonstrate an altered calcium control mechanism

in B lymphocytes. Anesthesiology 97:1052.

90. Parekh, A. B., and J. W. Putney, Jr. 2005. Store-operated calcium channels.

Physiol Rev 85:757.

91. Winslow, M. M., J. R. Neilson, and G. R. Crabtree. 2003. Calcium signalling in

lymphocytes. Curr Opin Immunol 15:299.

92. Clapham, D. E. 2003. TRP channels as cellular sensors. Nature 426:517.



203

93. Liou, J., M. L. Kim, W. D. Heo, J. T. Jones, J. W. Myers, J. E. Ferrell, Jr., and T.

Meyer. 2005. STIM is a Ca2+ sensor essential for Ca2+-store-depletion-triggered

Ca2+ influx. Curr Biol 15:1235.

94. Roos, J., P. J. DiGregorio, A. V. Yeromin, K. Ohlsen, M. Lioudyno, S. Zhang, O.

Safrina, J. A. Kozak, S. L. Wagner, M. D. Cahalan, G. Velicelebi, and K. A.

Stauderman. 2005. STIM1, an essential and conserved component of store-

operated Ca2+ channel function. J Cell Biol 169:435.

95. Feske, S., Y. Gwack, M. Prakriya, S. Srikanth, S. H. Puppel, B. Tanasa, P. G.

Hogan, R. S. Lewis, M. Daly, and A. Rao. 2006. A mutation in Orai1 causes

immune deficiency by abrogating CRAC channel function. Nature 441:179.

96. Vig, M., C. Peinelt, A. Beck, D. L. Koomoa, D. Rabah, M. Koblan-Huberson, S.

Kraft, H. Turner, A. Fleig, R. Penner, and J. P. Kinet. 2006. CRACM1 is a plasma

membrane protein essential for store-operated Ca2+ entry. Science 312:1220.

97. Prakriya, M., S. Feske, Y. Gwack, S. Srikanth, A. Rao, and P. G. Hogan. 2006.

Orai1 is an essential pore subunit of the CRAC channel. Nature 443:230.

98. Yeromin, A. V., S. L. Zhang, W. Jiang, Y. Yu, O. Safrina, and M. D. Cahalan.

2006. Molecular identification of the CRAC channel by altered ion selectivity in a

mutant of Orai. Nature 443:226.

99. Xu, P., J. Lu, Z. Li, X. Yu, L. Chen, and T. Xu. 2006. Aggregation of STIM1

underneath the plasma membrane induces clustering of Orai1. Biochem Biophys

Res Commun 350:969.



204

100. Vig, M., A. Beck, J. M. Billingsley, A. Lis, S. Parvez, C. Peinelt, D. L. Koomoa,

J. Soboloff, D. L. Gill, A. Fleig, J. P. Kinet, and R. Penner. 2006. CRACM1

multimers form the ion-selective pore of the CRAC channel. Curr Biol 16:2073.

101. Feske, S., M. Prakriya, A. Rao, and R. S. Lewis. 2005. A severe defect in CRAC

Ca2+ channel activation and altered K+ channel gating in T cells from

immunodeficient patients. J Exp Med 202:651.

102. Feske, S., J. Giltnane, R. Dolmetsch, L. M. Staudt, and A. Rao. 2001. Gene

regulation mediated by calcium signals in T lymphocytes. Nat Immunol 2:316.

103. Sadighi Akha, A. A., N. J. Willmott, K. Brickley, A. C. Dolphin, A. Galione, and

S. V. Hunt. 1996. Anti-Ig-induced calcium influx in rat B lymphocytes mediated

by cGMP through a dihydropyridine-sensitive channel. J Biol Chem 271:7297.

104. Mori, Y., M. Wakamori, T. Miyakawa, M. Hermosura, Y. Hara, M. Nishida, K.

Hirose, A. Mizushima, M. Kurosaki, E. Mori, K. Gotoh, T. Okada, A. Fleig, R.

Penner, M. Iino, and T. Kurosaki. 2002. Transient receptor potential 1 regulates

capacitative Ca(2+) entry and Ca(2+) release from endoplasmic reticulum in B

lymphocytes. J Exp Med 195:673.

105. Vazquez, G., B. J. Wedel, G. S. Bird, S. K. Joseph, and J. W. Putney. 2002. An

inositol 1,4,5-trisphosphate receptor-dependent cation entry pathway in DT40 B

lymphocytes. Embo J 21:4531.

106. Grafton, G., L. Stokes, K. M. Toellner, and J. Gordon. 2003. A non-voltage-gated

calcium channel with L-type characteristics activated by B cell receptor ligation.

Biochem Pharmacol 66:2001.



205

107. Lievremont, J. P., T. Numaga, G. Vazquez, L. Lemonnier, Y. Hara, E. Mori, M.

Trebak, S. E. Moss, G. S. Bird, Y. Mori, and J. W. Putney, Jr. 2005. The role of

canonical transient receptor potential 7 in B-cell receptor-activated channels. J

Biol Chem 280:35346.

108. Liu, Q. H., X. Liu, Z. Wen, B. Hondowicz, L. King, J. Monroe, and B. D.

Freedman. 2005. Distinct calcium channels regulate responses of primary B

lymphocytes to B cell receptor engagement and mechanical stimuli. J Immunol

174:68.

109. Dellis, O., S. G. Dedos, S. C. Tovey, R. Taufiq Ur, S. J. Dubel, and C. W. Taylor.

2006. Ca2+ entry through plasma membrane IP3 receptors. Science 313:229.

110. Tedder, T. F., M. Streuli, S. F. Schlossman, and H. Saito. 1988. Isolation and

structure of a cDNA encoding the B1 (CD20) cell-surface antigen of human B

lymphocytes. Proc Natl Acad Sci U S A 85:208.

111. Einfeld, D. A., J. P. Brown, M. A. Valentine, E. A. Clark, and J. A. Ledbetter.

1988. Molecular cloning of the human B cell CD20 receptor predicts a

hydrophobic protein with multiple transmembrane domains. Embo J 7:711.

112. Stamenkovic, I., and B. Seed. 1988. Analysis of two cDNA clones encoding the B

lymphocyte antigen CD20 (B1, Bp35), a type III integral membrane protein. J

Exp Med 167:1975.

113. Tedder, T. F., G. McIntyre, and S. F. Schlossman. 1988. Heterogeneity in the B1

(CD20) cell surface molecule expressed by human B-lymphocytes. Mol Immunol

25:1321.



206

114. Bubien, J. K., L. J. Zhou, P. D. Bell, R. A. Frizzell, and T. F. Tedder. 1993.

Transfection of the CD20 cell surface molecule into ectopic cell types generates a

Ca2+ conductance found constitutively in B lymphocytes. J Cell Biol 121:1121.

115. Kanzaki, M., L. Nie, H. Shibata, and I. Kojima. 1997. Activation of a calcium-

permeable cation channel CD20 expressed in Balb/c 3T3 cells by insulin-like

growth factor-I. J Biol Chem 272:4964.

116. Kanzaki, M., M. A. Lindorfer, J. C. Garrison, and I. Kojima. 1997. Activation of

the calcium-permeable cation channel CD20 by alpha subunits of the Gi protein. J

Biol Chem 272:14733.

117. Polyak, M. J., S. H. Tailor, and J. P. Deans. 1998. Identification of a cytoplasmic

region of CD20 required for its redistribution to a detergent-insoluble membrane

compartment. J Immunol 161:3242.

118. Li, H., L. M. Ayer, J. Lytton, and J. P. Deans. 2003. Store-operated cation entry

mediated by CD20 in membrane rafts. J Biol Chem 278:42427.

119. Bubien, J. K., P. D. Bell, R.A. Frizzell, and T.F. Tedder. 1989. CD20 directly

regulates transmembrane ion flux in B-lymphocytes. In Leukocyte Typing IV.

White Cell Differentiation Antigens. B. D. Knapp W., W.R. Gilks, E.P. Rieber,

R.E. Schmidt, H. Stein, and A.E.G. von dem Borne, ed. Oxford University Press,

Oxford, England, p. 51.

120. Uchida, J., Y. Lee, M. Hasegawa, Y. Liang, A. Bradney, J. A. Oliver, K. Bowen,

D. A. Steeber, K. M. Haas, J. C. Poe, and T. F. Tedder. 2004. Mouse CD20

expression and function. Int Immunol 16:119.



207

121. Ishibashi, K., M. Suzuki, S. Sasaki, and M. Imai. 2001. Identification of a new

multigene four-transmembrane family (MS4A) related to CD20, HTm4 and beta

subunit of the high-affinity IgE receptor. Gene 264:87.

122. Liang, Y., and T. F. Tedder. 2001. Identification of a CD20-, FcepsilonRIbeta-,

and HTm4-related gene family: sixteen new MS4A family members expressed in

human and mouse. Genomics 72:119.

123. Liang, Y., T. R. Buckley, L. Tu, S. D. Langdon, and T. F. Tedder. 2001.

Structural organization of the human MS4A gene cluster on Chromosome 11q12.

Immunogenetics 53:357.

124. Gingras, M. C., H. Lapillonne, and J. F. Margolin. 2001. CFFM4: a new member

of the CD20/FcepsilonRIbeta family. Immunogenetics 53:468.

125. Hulett, M. D., E. Pagler, J. R. Hornby, P. M. Hogarth, H. J. Eyre, E. Baker, J.

Crawford, G. R. Sutherland, S. J. Ohms, and C. R. Parish. 2001. Isolation, tissue

distribution, and chromosomal localization of a novel testis-specific human four-

transmembrane gene related to CD20 and FcepsilonRI-beta. Biochem Biophys Res

Commun 280:374.

126. Louvet, C., E. Chiffoleau, M. Heslan, L. Tesson, J. M. Heslan, R. Brion, G.

Beriou, C. Guillonneau, J. Khalife, I. Anegon, and M. C. Cuturi. 2005.

Identification of a new member of the CD20/FcepsilonRIbeta family

overexpressed in tolerated allografts. Am J Transplant 5:2143.

127. Tedder, T. F., G. Klejman, C. M. Disteche, D. A. Adler, S. F. Schlossman, and H.

Saito. 1988. Cloning of a complementary DNA encoding a new mouse B



208

lymphocyte differentiation antigen, homologous to the human B1 (CD20) antigen,

and localization of the gene to chromosome 19. J Immunol 141:4388.

128. Kinet, J. P., M. H. Jouvin, R. Paolini, R. Numerof, and A. Scharenberg. 1996. IgE

receptor (Fc epsilon RI) and signal transduction. Eur Respir J Suppl 22:116s.

129. Dombrowicz, D., S. Lin, V. Flamand, A. T. Brini, B. H. Koller, and J. P. Kinet.

1998. Allergy-associated FcRbeta is a molecular amplifier of IgE- and IgG-

mediated in vivo responses. Immunity 8:517.

130. Donato, J. L., J. Ko, J. L. Kutok, T. Cheng, T. Shirakawa, X. Q. Mao, D. Beach,

D. T. Scadden, M. H. Sayegh, and C. N. Adra. 2002. Human HTm4 is a

hematopoietic cell cycle regulator. J Clin Invest 109:51.

131. Teeling, J. L., W. J. Mackus, L. J. Wiegman, J. H. van den Brakel, S. A. Beers, R.

R. French, T. van Meerten, S. Ebeling, T. Vink, J. W. Slootstra, P. W. Parren, M.

J. Glennie, and J. G. van de Winkel. 2006. The biological activity of human CD20

monoclonal antibodies is linked to unique epitopes on CD20. J Immunol 177:362.

132. Doyle, D. A., J. Morais Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.

Cohen, B. T. Chait, and R. MacKinnon. 1998. The structure of the potassium

channel: molecular basis of K+ conduction and selectivity. Science 280:69.

133. Zhou, Y., J. H. Morais-Cabral, A. Kaufman, and R. MacKinnon. 2001. Chemistry

of ion coordination and hydration revealed by a K+ channel-Fab complex at 2.0 A

resolution. Nature 414:43.

134. Sather, W. A., and E. W. McCleskey. 2003. Permeation and selectivity in calcium

channels. Annu Rev Physiol 65:133.



209

135. Deans, J. P., H. Li, and M. J. Polyak. 2002. CD20-mediated apoptosis: signalling

through lipid rafts. Immunology 107:176.

136. Valentine, M. A., K. A. Licciardi, E. A. Clark, E. G. Krebs, and K. E. Meier.

1993. Insulin regulates serine/threonine phosphorylation in activated human B

lymphocytes. J Immunol 150:96.

137. Genot, E. M., K. E. Meier, K. A. Licciardi, N. G. Ahn, C. H. Uittenbogaart, J.

Wietzerbin, E. A. Clark, and M. A. Valentine. 1993. Phosphorylation of CD20 in

cells from a hairy cell leukemia cell line. Evidence for involvement of

calcium/calmodulin-dependent protein kinase II. J Immunol 151:71.

138. Hashimoto, Y., and T. R. Soderling. 1989. Regulation of calcineurin by

phosphorylation. Identification of the regulatory site phosphorylated by

Ca2+/calmodulin-dependent protein kinase II and protein kinase C. J Biol Chem

264:16524.

139. Resh, M. D. 1994. Myristylation and palmitylation of Src family members: the

fats of the matter. Cell 76:411.

140. Dietzen, D. J., W. R. Hastings, and D. M. Lublin. 1995. Caveolin is palmitoylated

on multiple cysteine residues. Palmitoylation is not necessary for localization of

caveolin to caveolae. J Biol Chem 270:6838.

141. Resh, M. D. 2006. Palmitoylation of ligands, receptors, and intracellular signaling

molecules. Sci STKE 2006:re14.

142. Li, H., L. M. Ayer, M. J. Polyak, C. M. Mutch, R. J. Petrie, L. Gauthier, N.

Shariat, M. J. Hendzel, A. R. Shaw, K. D. Patel, and J. P. Deans. 2004. The CD20

calcium channel is localized to microvilli and constitutively associated with



210

membrane rafts: antibody binding increases the affinity of the association through

an epitope-dependent cross-linking-independent mechanism. J Biol Chem

279:19893.

143. O'Keefe, T. L., G. T. Williams, S. L. Davies, and M. S. Neuberger. 1998. Mice

carrying a CD20 gene disruption. Immunogenetics 48:125.

144. Deans, J. P., S. M. Robbins, M. J. Polyak, and J. A. Savage. 1998. Rapid

redistribution of CD20 to a low density detergent-insoluble membrane

compartment. J Biol Chem 273:344.

145. Petrie, R. J., and J. P. Deans. 2002. Colocalization of the B cell receptor and

CD20 followed by activation-dependent dissociation in distinct lipid rafts. J

Immunol 169:2886.

146. Rosenthal, P., I. J. Rimm, T. Umiel, J. D. Griffin, R. Osathanondh, S. F.

Schlossman, and L. M. Nadler. 1983. Ontogeny of human hematopoietic cells:

analysis utilizing monoclonal antibodies. J Immunol 131:232.

147. Clark, E. A., G. Shu, and J. A. Ledbetter. 1985. Role of the Bp35 cell surface

polypeptide in human B-cell activation. Proc Natl Acad Sci U S A 82:1766.

148. Golay, J. T., E. A. Clark, and P. C. Beverley. 1985. The CD20 (Bp35) antigen is

involved in activation of B cells from the G0 to the G1 phase of the cell cycle. J

Immunol 135:3795.

149. Smeland, E., T. Godal, E. Ruud, K. Beiske, S. Funderud, E. A. Clark, S. Pfeifer-

Ohlsson, and R. Ohlsson. 1985. The specific induction of myc protooncogene

expression in normal human B cells is not a sufficient event for acquisition of

competence to proliferate. Proc Natl Acad Sci U S A 82:6255.



211

150. Clark, E. A., and G. Shu. 1987. Activation of human B cell proliferation through

surface Bp35 (CD20) polypeptides or immunoglobulin receptors. J Immunol

138:720.

151. White, M. W., G.L. Shu, K.E. Draves, D.R. Morris, and E.A. Clark. 1989. Surface

IgM and CD20 receptors utilize distinct signal transduction pathways. In

Leukocyte Typing IV.  White Cell Differentiation Antigens. B. D. Knapp W., W.R.

Gilks, E.P. Rieber, R.E. Schmidt, H. Stein, and A.E.G. von dem Borne, ed.

Oxford University Press, Oxford, England, p. 54.

152. White, M. W., F. McConnell, G. L. Shu, D. R. Morris, and E. A. Clark. 1991.

Activation of dense human tonsilar B cells. Induction of c-myc gene expression

via two distinct signal transduction pathways. J Immunol 146:846.

153. Golay, J., G. Cusmano, and M. Introna. 1992. Independent regulation of c-myc,

B-myb, and c-myb gene expression by inducers and inhibitors of proliferation in

human B lymphocytes. J Immunol 149:300.

154. Ledbetter, J. A., G. Shu, M. Gallagher, and E. A. Clark. 1987. Augmentation of

normal and malignant B cell proliferation by monoclonal antibody to the B cell-

specific antigen BP50 (CDW40). J Immunol 138:788.

155. Tedder, T. F., A. Forsgren, A. W. Boyd, L. M. Nadler, and S. F. Schlossman.

1986. Antibodies reactive with the B1 molecule inhibit cell cycle progression but

not activation of human B lymphocytes. Eur J Immunol 16:881.

156. Dancescu, M., C. Wu, M. Rubio, G. Delespesse, and M. Sarfati. 1992. IL-4

induces conformational change of CD20 antigen via a protein kinase C-



212

independent pathway. Antagonistic effect of anti-CD40 monoclonal antibody. J

Immunol 148:2411.

157. Anolik, J., R. J. Looney, A. Bottaro, I. Sanz, and F. Young. 2003. Down-

regulation of CD20 on B cells upon CD40 activation. Eur J Immunol 33:2398.

158. Kansas, G. S., and T. F. Tedder. 1991. Transmembrane signals generated through

MHC class II, CD19, CD20, CD39, and CD40 antigens induce LFA-1-dependent

and independent adhesion in human B cells through a tyrosine kinase-dependent

pathway. J Immunol 147:4094.

159. Polyak, M. J., and J. P. Deans. 2002. Alanine-170 and proline-172 are critical

determinants for extracellular CD20 epitopes; heterogeneity in the fine specificity

of CD20 monoclonal antibodies is defined by additional requirements imposed by

both amino acid sequence and quaternary structure. Blood 99:3256.

160. Leveille, C., A. L.-D. R, and W. Mourad. 1999. CD20 is physically and

functionally coupled to MHC class II and CD40 on human B cell lines. Eur J

Immunol 29:65.

161. Valentine, M. A., T. Cotner, L. Gaur, R. Torres, and E. A. Clark. 1987.

Expression of the human B-cell surface protein CD20: alteration by phorbol 12-

myristate 13-acetate. Proc Natl Acad Sci U S A 84:8085.

162. Tedder, T. F., and S. F. Schlossman. 1988. Phosphorylation of the B1 (CD20)

molecule by normal and malignant human B lymphocytes. J Biol Chem

263:10009.



213

163. Valentine, M. A., K. E. Meier, S. Rossie, and E. A. Clark. 1989. Phosphorylation

of the CD20 phosphoprotein in resting B lymphocytes. Regulation by protein

kinase C. J Biol Chem 264:11282.

164. Valentine, M. A., K.E. Meier, and E.A. Clark. 1989. Protein kinase C can regulate

phosphorylation of the B-cell CD20 protein. In Leukocyte Typing IV.  White Cell

Differentiation Antigens. B. D. Knapp W., W.R. Gilks, E.P. Rieber, R.E. Schmidt,

H. Stein, and A.E.G. von dem Borne, ed. Oxford University Press, Oxford,

England, p. 56.

165. Genot, E., M. A. Valentine, L. Degos, F. Sigaux, and J. P. Kolb. 1991.

Hyperphosphorylation of CD20 in hairy cells. Alteration by low molecular weight

B cell growth factor and IFN-alpha. J Immunol 146:870.

166. Polyak, M. J. 1999. Structural Analysis and Epitope Mapping of CD20. In

Department of Biochemistry and Molecular Biology. University of Calgary,

Calgary, Alberta, Canada, p. 118.

167. Szollosi, J., V. Horejsi, L. Bene, P. Angelisova, and S. Damjanovich. 1996.

Supramolecular complexes of MHC class I, MHC class II, CD20, and tetraspan

molecules (CD53, CD81, and CD82) at the surface of a B cell line JY. J Immunol

157:2939.

168. Deans, J. P., L. Kalt, J. A. Ledbetter, G. L. Schieven, J. B. Bolen, and P. Johnson.

1995. Association of 75/80-kDa phosphoproteins and the tyrosine kinases Lyn,

Fyn, and Lck with the B cell molecule CD20. Evidence against involvement of

the cytoplasmic regions of CD20. J Biol Chem 270:22632.



214

169. Popoff, I. J., J. A. Savage, J. Blake, P. Johnson, and J. P. Deans. 1998. The

association between CD20 and Src-family Tyrosine kinases requires an additional

factor. Mol Immunol 35:207.

170. Li, H. 2004. Regulation of SOC entry by CD20 in rafts. In Department of

Biochemistry and Molecular Biology. University of Calgary, Calgary.

171. Robbins, S. M., N. A. Quintrell, and J. M. Bishop. 2000. Mercuric chloride

activates the Src-family protein tyrosine kinase, Hck in myelomonocytic cells.

Eur J Biochem 267:7201.

172. Hille, B. 2001. Ion Channels of Excitable Membranes. Sinauer Associates, Inc.,

Sunderland, Mass.

173. Lintschinger, B., M. Balzer-Geldsetzer, T. Baskaran, W. F. Graier, C. Romanin,

M. X. Zhu, and K. Groschner. 2000. Coassembly of Trp1 and Trp3 proteins

generates diacylglycerol- and Ca2+-sensitive cation channels. J Biol Chem

275:27799.

174. Schaefer, M. 2005. Homo- and heteromeric assembly of TRP channel subunits.

Pflugers Arch 451:35.

175. Kinet, J. P., G. Alcaraz, A. Leonard, S. Wank, and H. Metzger. 1985. Dissociation

of the receptor for immunoglobulin E in mild detergents. Biochemistry 24:4117.

176. Gold, M. R., J. P. Jakway, and A. L. DeFranco. 1987. Involvement of a guanine-

nucleotide-binding component in membrane IgM-stimulated phosphoinositide

breakdown. J Immunol 139:3604.



215

177. Chen, J. Z., A. M. Stall, and L. A. Herzenberg. 1990. Differences in glycoprotein

complexes associated with IgM and IgD on normal murine B cells potentially

enable transduction of different signals. Embo J 9:2117.

178. Hombach, J., T. Tsubata, L. Leclercq, H. Stappert, and M. Reth. 1990. Molecular

components of the B-cell antigen receptor complex of the IgM class. Nature

343:760.

179. Zacharias, D. A. 2002. Sticky caveats in an otherwise glowing report:

oligomerizing fluorescent proteins and their use in cell biology. Sci STKE

2002:PE23.

180. Snyers, L., E. Umlauf, and R. Prohaska. 1998. Oligomeric nature of the integral

membrane protein stomatin. J Biol Chem 273:17221.

181. Wulff, H., C. Beeton, and K. G. Chandy. 2003. Potassium channels as therapeutic

targets for autoimmune disorders. Curr Opin Drug Discov Devel 6:640.

182. Misonou, H., D. P. Mohapatra, and J. S. Trimmer. 2005. Kv2.1: a voltage-gated

k+ channel critical to dynamic control of neuronal excitability. Neurotoxicology

26:743.

183. Li, Y., S. Y. Um, and T. V. McDonald. 2006. Voltage-gated potassium channels:

regulation by accessory subunits. Neuroscientist 12:199.

184. Gill, D. L., M. A. Spassova, and J. Soboloff. 2006. Signal transduction. Calcium

entry signals--trickles and torrents. Science 313:183.

185. Tedder, T. F., C. M. Disteche, E. Louie, D. A. Adler, C. M. Croce, S. F.

Schlossman, and H. Saito. 1989. The gene that encodes the human CD20 (B1)



216

differentiation antigen is located on chromosome 11 near the t(11;14)(q13;q32)

translocation site. J Immunol 142:2555.

186. Zhong, H., J. Lai, and K. W. Yau. 2003. Selective heteromeric assembly of cyclic

nucleotide-gated channels. Proc Natl Acad Sci U S A 100:5509.

187. Li, M., Y. N. Jan, and L. Y. Jan. 1992. Specification of subunit assembly by the

hydrophilic amino-terminal domain of the Shaker potassium channel. Science

257:1225.

188. Shen, N. V., X. Chen, M. M. Boyer, and P. J. Pfaffinger. 1993. Deletion analysis

of K+ channel assembly. Neuron 11:67.

189. Tinker, A., Y. N. Jan, and L. Y. Jan. 1996. Regions responsible for the assembly

of inwardly rectifying potassium channels. Cell 87:857.

190. Daram, P., S. Urbach, F. Gaymard, H. Sentenac, and I. Cherel. 1997.

Tetramerization of the AKT1 plant potassium channel involves its C-terminal

cytoplasmic domain. Embo J 16:3455.

191. Quirk, J. C., and P. H. Reinhart. 2001. Identification of a novel tetramerization

domain in large conductance K(ca) channels. Neuron 32:13.

192. Matutes, E., K. Owusu-Ankomah, R. Morilla, J. Garcia Marco, A. Houlihan, T.

H. Que, and D. Catovsky. 1994. The immunological profile of B-cell disorders

and proposal of a scoring system for the diagnosis of CLL. Leukemia 8:1640.

193. DiGiuseppe, J. A., and M. J. Borowitz. 1998. Clinical utility of flow cytometry in

the chronic lymphoid leukemias. Semin Oncol 25:6.



217

194. D'Arena, G., P. Musto, N. Cascavilla, M. Dell'Olio, N. Di Renzo, and M.

Carotenuto. 2000. Quantitative flow cytometry for the differential diagnosis of

leukemic B-cell chronic lymphoproliferative disorders. Am J Hematol 64:275.

195. Garcia, D. P., M. T. Rooney, E. Ahmad, and B. H. Davis. 2001. Diagnostic

usefulness of CD23 and FMC-7 antigen expression patterns in B-cell lymphoma

classification. Am J Clin Pathol 115:258.

196. Brooks, D. A., I. G. Beckman, J. Bradley, P. J. McNamara, M. E. Thomas, and H.

Zola. 1981. Human lymphocyte markers defined by antibodies derived from

somatic cell hybrids. IV. A monoclonal antibody reacting specifically with a

subpopulation of human B lymphocytes. J Immunol 126:1373.

197. Zola, H., P. J. McNamara, H. A. Moore, I. J. Smart, D. A. Brooks, I. G. Beckman,

and J. Bradley. 1983. Maturation of human B lymphocytes--studies with a panel

of monoclonal antibodies against membrane antigens. Clin Exp Immunol 52:655.

198. Zola, H., H. A. Moore, A. Hohmann, I. K. Hunter, A. Nikoloutsopoulos, and J.

Bradley. 1984. The antigen of mature human B cells detected by the monoclonal

antibody FMC7: studies on the nature of the antigen and modulation of its

expression. J Immunol 133:321.

199. Zola, H., S. H. Neoh, A. Potter, J. V. Melo, M. S. De Oliveria, and D. Catovsky.

1987. Markers of differentiated B cell leukaemia: CD22 antibodies and FMC7

react with different molecules. Dis Markers 5:227.

200. Serke, S., I. Schwaner, M. Yordanova, A. Szczepek, and D. Huhn. 2001.

Monoclonal antibody FMC7 detects a conformational epitope on the CD20



218

molecule: evidence from phenotyping after rituxan therapy and transfectant cell

analyses. Cytometry 46:98.

201. Bloem, A. C., M. A. Chand, I. Dollekamp, and G. T. Rijkers. 1988. Functional

properties of human B cell subpopulations defined by monoclonal antibodies HB4

and FMC7. J Immunol 140:768.

202. Rijkers, G. T., I. Dollekamp, and B. J. Zegers. 1990. Evidence that FMC7 is a

human B cell differentiation antigen. Immunol Lett 24:261.

203. Hubl, W., J. Iturraspe, and R. C. Braylan. 1998. FMC7 antigen expression on

normal and malignant B-cells can be predicted by expression of CD20. Cytometry

34:71.

204. Catovsky, D., M. Cherchi, D. Brookss, J. Bradely, and H. Zola. 1981.

Heterogeneity of B-cell leukemias demonstrated by the monoclonal antibody

FMC7. Blood 58:406.

205. Huh, Y. O., W. C. Pugh, H. M. Kantarjian, S. A. Stass, A. Cork, J. M. Trujillo,

and M. J. Keating. 1994. Detection of subgroups of chronic B-cell leukemias by

FMC7 monoclonal antibody. Am J Clin Pathol 101:283.

206. Scott, C. S., H. J. Limbert, I. D. MacKarill, and B. E. Roberts. 1985. Membrane

phenotypic studies in B cell lymphoproliferative disorders. J Clin Pathol 38:995.

207. Almasri, N. M., R. E. Duque, J. Iturraspe, E. Everett, and R. C. Braylan. 1992.

Reduced expression of CD20 antigen as a characteristic marker for chronic

lymphocytic leukemia. Am J Hematol 40:259.

208. D'Hautcourt J, L., and J. Isaac. 1999. Mean fluorescence intensity of dual stained

cells. Cytometry 38:44.



219

209. Ahmad, E., D. Garcia, and B. H. Davis. 2002. Clinical utility of CD23 and FMC7

antigen coexistent expression in B-cell lymphoproliferative disorder

subclassification. Cytometry 50:1.

210. Polyak, M. J., L. M. Ayer, A. J. Szczepek, and J. P. Deans. 2003. A cholesterol-

dependent CD20 epitope detected by the FMC7 antibody. Leukemia 17:1384.

211. Inbar, M. 1976. Fluidity of membrane lipids: a single cell analysis of mouse

normal lymphocytes and malignant lymphoma cells. FEBS Lett 67:180.

212. Ohtani, Y., T. Irie, K. Uekama, K. Fukunaga, and J. Pitha. 1989. Differential

effects of alpha-, beta- and gamma-cyclodextrins on human erythrocytes. Eur J

Biochem 186:17.

213. Yancey, P. G., W. V. Rodrigueza, E. P. Kilsdonk, G. W. Stoudt, W. J. Johnson,

M. C. Phillips, and G. H. Rothblat. 1996. Cellular cholesterol efflux mediated by

cyclodextrins. Demonstration Of kinetic pools and mechanism of efflux. J Biol

Chem 271:16026.

214. Rijkers, G. T., E. G. Dollekamp, and B. J. Zegers. 1987. The in vitro B-cell

response to pneumococcal polysaccharides in adults and neonates. Scand J

Immunol 25:447.

215. Brown, D. A., and E. London. 2000. Structure and function of sphingolipid- and

cholesterol-rich membrane rafts. J Biol Chem 275:17221.

216. Caligaris-Cappio, F., G. Janossy, D. Campana, M. Chilosi, L. Bergui, R. Foa, D.

Delia, M. C. Giubellino, P. Preda, and M. Gobbi. 1984. Lineage relationship of

chronic lymphocytic leukemia and hairy cell leukemia: studies with TPA. Leuk

Res 8:567.



220

217. Gimpl, G., K. Burger, E. Politowska, J. Ciarkowski, and F. Fahrenholz. 2000.

Oxytocin receptors and cholesterol: interaction and regulation. Exp Physiol 85

Spec No:41S.

218. Jones, O. T., and M. G. McNamee. 1988. Annular and nonannular binding sites

for cholesterol associated with the nicotinic acetylcholine receptor. Biochemistry

27:2364.

219. Narayanaswami, V., P. M. Weers, J. Bogerd, F. P. Kooiman, C. M. Kay, D. G.

Scraba, D. J. Van der Horst, and R. O. Ryan. 1995. Spectroscopic and lipid

binding studies on the amino and carboxyl terminal fragments of Locusta

migratoria apolipophorin III. Biochemistry 34:11822.

220. Fahrenholz, F., U. Klein, and G. Gimpl. 1995. Conversion of the myometrial

oxytocin receptor from low to high affinity state by cholesterol. Adv Exp Med Biol

395:311.

221. Narayanaswami, V., and M. G. McNamee. 1993. Protein-lipid interactions and

Torpedo californica nicotinic acetylcholine receptor function. 2. Membrane

fluidity and ligand-mediated alteration in the accessibility of gamma subunit

cysteine residues to cholesterol. Biochemistry 32:12420.

222. Karnell, F. G., R. J. Brezski, L. B. King, M. A. Silverman, and J. G. Monroe.

2005. Membrane cholesterol content accounts for developmental differences in

surface B cell receptor compartmentalization and signaling. J Biol Chem

280:25621.

223. Hofmeister, J. K., D. Cooney, and K. M. Coggeshall. 2000. Clustered CD20

induced apoptosis: src-family kinase, the proximal regulator of tyrosine



221

phosphorylation, calcium influx, and caspase 3-dependent apoptosis. Blood Cells

Mol Dis 26:133.

224. Shan, D., J. A. Ledbetter, and O. W. Press. 2000. Signaling events involved in

anti-CD20-induced apoptosis of malignant human B cells. Cancer Immunol

Immunother 48:673.

225. Maloney, D. G., B. Smith, and A. Rose. 2002. Rituximab: mechanism of action

and resistance. Semin Oncol 29:2.

226. Unruh, T. L., H. Li, C. M. Mutch, N. Shariat, L. Grigoriou, R. Sanyal, C. B.

Brown, and J. P. Deans. 2005. Cholesterol depletion inhibits src family kinase-

dependent calcium mobilization and apoptosis induced by rituximab crosslinking.

Immunology 116:223.

227. Janas, E., R. Priest, J. I. Wilde, J. H. White, and R. Malhotra. 2005. Rituxan (anti-

CD20 antibody)-induced translocation of CD20 into lipid rafts is crucial for

calcium influx and apoptosis. Clin Exp Immunol 139:439.

228. Cragg, M. S., S. M. Morgan, H. T. Chan, B. P. Morgan, A. V. Filatov, P. W.

Johnson, R. R. French, and M. J. Glennie. 2003. Complement-mediated lysis by

anti-CD20 mAb correlates with segregation into lipid rafts. Blood 101:1045.

229. Sherbet, G. V. 1989. Membrane fluidity and cancer metastasis. Exp Cell Biol

57:198.

230. Diamandis, E. P., and T. K. Christopoulos. 1991. The biotin-(strept)avidin

system: principles and applications in biotechnology. Clin Chem 37:625.

231. Meier, T., S. Arni, S. Malarkannan, M. Poincelet, and D. Hoessli. 1992.

Immunodetection of biotinylated lymphocyte-surface proteins by enhanced



222

chemiluminescence: a nonradioactive method for cell-surface protein analysis.

Anal Biochem 204:220.

232. Hurley, W. L., E. Finkelstein, and B. D. Holst. 1985. Identification of surface

proteins on bovine leukocytes by a biotin-avidin protein blotting technique. J

Immunol Methods 85:195.

233. Filatov, A. V., G. I. Krotov, V. G. Zgoda, and Y. Volkov. 2007. Fluorescent

immunoprecipitation analysis of cell surface proteins: A methodology compatible

with mass-spectrometry. J Immunol Methods 319:21.

234. Gimferrer, I., M. Farnos, M. Calvo, M. Mittelbrunn, C. Enrich, F. Sanchez-

Madrid, J. Vives, and F. Lozano. 2003. The accessory molecules CD5 and CD6

associate on the membrane of lymphoid T cells. J Biol Chem 278:8564.

235. Leveille, C., F. Chandad, R. Al-Daccak, and W. Mourad. 1999. CD40 associates

with the MHC class II molecules on human B cells. Eur J Immunol 29:3516.

236. Mielenz, D., C. Vettermann, M. Hampel, C. Lang, A. Avramidou, M. Karas, and

H. M. Jack. 2005. Lipid rafts associate with intracellular B cell receptors and

exhibit a B cell stage-specific protein composition. J Immunol 174:3508.

237. Schamel, W. W., and M. Reth. 2000. Monomeric and oligomeric complexes of

the B cell antigen receptor. Immunity 13:5.

238. Kehry, M., S. Ewald, R. Douglas, C. Sibley, W. Raschke, D. Fambrough, and L.

Hood. 1980. The immunoglobulin mu chains of membrane-bound and secreted

IgM molecules differ in their C-terminal segments. Cell 21:393.

239. Mutch, C. M., R. Sanyal, T. L. Unruh, L. Grigoriou, M. Zhu, W. Zhang, and J. P.

Deans. 2007. Activation-induced endocytosis of the raft-associated



223

transmembrane adaptor protein LAB/NTAL in B lymphocytes: evidence for a role

in internalization of the B cell receptor. Int Immunol 19:19.

240. Nishikawa, M., S. Nojima, T. Akiyama, U. Sankawa, and K. Inoue. 1984.

Interaction of digitonin and its analogs with membrane cholesterol. J Biochem

(Tokyo) 96:1231.

241. Fisher, R. C., and D. A. Thorley-Lawson. 1991. Characterization of the Epstein-

Barr virus-inducible gene encoding the human leukocyte adhesion and activation

antigen BLAST-1 (CD48). Mol Cell Biol 11:1614.

242. Filatov, A. V., I. B. Shmigol, G. V. Sharonov, A. V. Feofanov, and Y. Volkov.

2003. Direct and indirect antibody-induced TX-100 resistance of cell surface

antigens. Immunol Lett 85:287.

243. Bourget, I., W. Di Berardino, J. P. Breittmayer, N. Grenier-Brossette, M. Plana-

Prades, J. Y. Bonnefoy, and J. L. Cousin. 1994. CD20 monoclonal antibodies

stimulate extracellular cleavage of the low affinity receptor for IgE (Fc epsilon

RII/CD23) in Epstein-Barr-transformed B cells. J Biol Chem 269:6927.

244. Campbell, K. S., B. T. Backstrom, G. Tiefenthaler, and E. Palmer. 1994. CART: a

conserved antigen receptor transmembrane motif. Semin Immunol 6:393.

245. Vitetta, E. S., and J. W. Uhr. 1974. Cell surface immunoglobulin. IX. A new

method for the study of synthesis, intracellular transport, and exteriorization in

murine splenocytes. J Exp Med 139:1599.

246. Braun, J., P. S. Hochman, and E. R. Unanue. 1982. Ligand-induced association of

surface immunoglobulin with the detergent-insoluble cytoskeletal matrix of the B

lymphocyte. J Immunol 128:1198.



224

247. Albrecht, D. L., and R. J. Noelle. 1988. Membrane Ig-cytoskeletal interactions. I.

Flow cytofluorometric and biochemical analysis of membrane IgM-cytoskeletal

interactions. J Immunol 141:3915.

248. Flanagan, J., and G. L. Koch. 1978. Cross-linked surface Ig attaches to actin.

Nature 273:278.

249. Braun, J., and E. R. Unanue. 1983. Surface immunoglobulin and the lymphocyte

cytoskeleton. Fed Proc 42:2446.

250. Williams, G. T., C. J. Peaker, K. J. Patel, and M. S. Neuberger. 1994. The

alpha/beta sheath and its cytoplasmic tyrosines are required for signaling by the

B-cell antigen receptor but not for capping or for serine/threonine-kinase

recruitment. Proc Natl Acad Sci U S A 91:474.

251. Cheng, P. C., B. K. Brown, W. Song, and S. K. Pierce. 2001. Translocation of the

B cell antigen receptor into lipid rafts reveals a novel step in signaling. J Immunol

166:3693.

252. Kim, Y. M., J. Y. Pan, G. A. Korbel, V. Peperzak, M. Boes, and H. L. Ploegh.

2006. Monovalent ligation of the B cell receptor induces receptor activation but

fails to promote antigen presentation. Proc Natl Acad Sci U S A 103:3327.

253. Vilen, B. J., T. Nakamura, and J. C. Cambier. 1999. Antigen-stimulated

dissociation of BCR mIg from Ig-alpha/Ig-beta: implications for receptor

desensitization. Immunity 10:239.

254. Vilen, B. J., K. M. Burke, M. Sleater, and J. C. Cambier. 2002. Transmodulation

of BCR signaling by transduction-incompetent antigen receptors: implications for

impaired signaling in anergic B cells. J Immunol 168:4344.



225

255. Kim, J. H., L. Cramer, H. Mueller, B. Wilson, and B. J. Vilen. 2005. Independent

trafficking of Ig-alpha/Ig-beta and mu-heavy chain is facilitated by dissociation of

the B cell antigen receptor complex. J Immunol 175:147.

256. Kremyanskaya, M., and J. G. Monroe. 2005. Ig-independent Ig beta expression on

the surface of B lymphocytes after B cell receptor aggregation. J Immunol

174:1501.

257. Lang, P., J. C. Stolpa, B. A. Freiberg, F. Crawford, J. Kappler, A. Kupfer, and J.

C. Cambier. 2001. TCR-induced transmembrane signaling by peptide/MHC class

II via associated Ig-alpha/beta dimers. Science 291:1537.

258. Matko, J. 2003. K+ channels and T-cell synapses: the molecular background for

efficient immunomodulation is shaping up. Trends Pharmacol Sci 24:385.

259. Balijepalli, R. C., J. D. Foell, D. D. Hall, J. W. Hell, and T. J. Kamp. 2006.

Localization of cardiac L-type Ca(2+) channels to a caveolar macromolecular

signaling complex is required for beta(2)-adrenergic regulation. Proc Natl Acad

Sci U S A 103:7500.

260. Yang, J. J. 2006. Calmodulin, the Suprises Continue. Calcium Binding Proteins

1:65.

261. Benaim, G., and A. Villalobo. 2002. Phosphorylation of calmodulin. Functional

implications. Eur J Biochem 269:3619.

262. Brandt, P. C., and T. C. Vanaman. 2004. Studies of calmodulin-dependent

regulation. Methods Mol Biol 284:111.



226

263. Carlin, R. K., D. J. Grab, and P. Siekevitz. 1981. Function of a calmodulin in

postsynaptic densities. III. Calmodulin-binding proteins of the postsynaptic

density. J Cell Biol 89:449.

264. Flanagan, S. D., and B. Yost. 1984. Calmodulin-binding proteins: visualization by

125I-calmodulin overlay on blots quenched with Tween 20 or bovine serum

albumin and poly(ethylene oxide). Anal Biochem 140:510.

265. Burgess, W. H., D. M. Watterson, and L. J. Van Eldik. 1984. Identification of

calmodulin-binding proteins in chicken embryo fibroblasts. J Cell Biol 99:550.

266. Billingsley, M. L., K. R. Pennypacker, C. G. Hoover, D. J. Brigati, and R. L.

Kincaid. 1985. A rapid and sensitive method for detection and quantification of

calcineurin and calmodulin-binding proteins using biotinylated calmodulin. Proc

Natl Acad Sci U S A 82:7585.

267. Kincaid, R. L., M. L. Billingsley, and M. Vaughan. 1988. Preparation of

fluorescent, cross-linking, and biotinylated calmodulin derivatives and their use in

studies of calmodulin-activated phosphodiesterase and protein phosphatase.

Methods Enzymol 159:605.

268. Deans, J. P., G. L. Schieven, G. L. Shu, M. A. Valentine, L. A. Gilliland, A.

Aruffo, E. A. Clark, and J. A. Ledbetter. 1993. Association of tyrosine and serine

kinases with the B cell surface antigen CD20. Induction via CD20 of tyrosine

phosphorylation and activation of phospholipase C-gamma 1 and PLC

phospholipase C-gamma 2. J Immunol 151:4494.

269. Machaca, K. 2003. Ca2+-calmodulin-dependent protein kinase II potentiates

store-operated Ca2+ current. J Biol Chem 278:33730.



227

270. Du, F., F. Saitoh, Q. B. Tian, S. Miyazawa, S. Endo, and T. Suzuki. 2006.

Mechanisms for association of Ca2+/calmodulin-dependent protein kinase II with

lipid rafts. Biochem Biophys Res Commun 347:814.

271. Tsui, J., M. Inagaki, and H. Schulman. 2005. Calcium/calmodulin-dependent

protein kinase II (CaMKII) localization acts in concert with substrate targeting to

create spatial restriction for phosphorylation. J Biol Chem 280:9210.

272. Hubbard, M. J., and C. B. Klee. 1987. Calmodulin binding by calcineurin.

Ligand-induced renaturation of protein immobilized on nitrocellulose. J Biol

Chem 262:15062.

273. Bandyopadhyay, A., D. W. Shin, and D. H. Kim. 2000. Regulation of ATP-

induced calcium release in COS-7 cells by calcineurin. Biochem J 348 Pt 1:173.

274. Bandyopadhyay, A., D. W. Shin, J. O. Ahn, and D. H. Kim. 2000. Calcineurin

regulates ryanodine receptor/Ca(2+)-release channels in rat heart. Biochem J 352

Pt 1:61.

275. Chantler, P. D. 1985. Calcium-dependent association of a protein complex with

the lymphocyte plasma membrane: probable identity with calmodulin-calcineurin.

J Cell Biol 101:207.

276. Kiehart, D. P., and K. Bloom. 2007. Cell structure and dynamics. Curr Opin Cell

Biol 19:1.

277. Jones, S. L., and E. J. Brown. 1996. FcgammaRII-mediated adhesion and

phagocytosis induce L-plastin phosphorylation in human neutrophils. J Biol Chem

271:14623.



228

278. Gupta, N., and A. L. DeFranco. 2003. Visualizing lipid raft dynamics and early

signaling events during antigen receptor-mediated B-lymphocyte activation. Mol

Biol Cell 14:432.

279. Delon, I., and N. H. Brown. 2007. Integrins and the actin cytoskeleton. Curr Opin

Cell Biol 19:43.

280. Brown, B. K., and W. Song. 2001. The actin cytoskeleton is required for the

trafficking of the B cell antigen receptor to the late endosomes. Traffic 2:414.

281. Hao, S., and A. August. 2005. Actin depolymerization transduces the strength of

B-cell receptor stimulation. Mol Biol Cell 16:2275.

282. Gupta, N., B. Wollscheid, J. D. Watts, B. Scheer, R. Aebersold, and A. L.

DeFranco. 2006. Quantitative proteomic analysis of B cell lipid rafts reveals that

ezrin regulates antigen receptor-mediated lipid raft dynamics. Nat Immunol 7:625.

283. McConnell, F. M., S. B. Shears, P. J. Lane, M. S. Scheibel, and E. A. Clark. 1992.

Relationships between the degree of cross-linking of surface immunoglobulin and

the associated inositol 1,4,5-trisphosphate and Ca2+ signals in human B cells.

Biochem J 284 ( Pt 2):447.

284. Hakoda, M., N. Kamatani, S. Hayashimoto-Kurumada, G. J. Silverman, H.

Yamanaka, C. Terai, and S. Kashiwazaki. 1996. Differential binding avidities of

human IgM for staphylococcal protein A derive from specific germ-line VH3

gene usage. J Immunol 157:2976.

285. Graille, M., E. A. Stura, A. L. Corper, B. J. Sutton, M. J. Taussig, J. B.

Charbonnier, and G. J. Silverman. 2000. Crystal structure of a Staphylococcus

aureus protein A domain complexed with the Fab fragment of a human IgM



229

antibody: structural basis for recognition of B-cell receptors and superantigen

activity. Proc Natl Acad Sci U S A 97:5399.

286. Goodyear, C. S., and G. J. Silverman. 2003. Death by a B cell superantigen: In

vivo VH-targeted apoptotic supraclonal B cell deletion by a Staphylococcal

Toxin. J Exp Med 197:1125.

287. Fleire, S. J., J. P. Goldman, Y. R. Carrasco, M. Weber, D. Bray, and F. D. Batista.

2006. B cell ligand discrimination through a spreading and contraction response.

Science 312:738.

288. Tangye, S. G., J. H. Phillips, and L. L. Lanier. 2000. The CD2-subset of the Ig

superfamily of cell surface molecules: receptor-ligand pairs expressed by NK

cells and other immune cells. Semin Immunol 12:149.

289. van der Merwe, P. A., P. N. McNamee, E. A. Davies, A. N. Barclay, and S. J.

Davis. 1995. Topology of the CD2-CD48 cell-adhesion molecule complex:

implications for antigen recognition by T cells. Curr Biol 5:74.

290. Batista, F. D., D. Iber, and M. S. Neuberger. 2001. B cells acquire antigen from

target cells after synapse formation. Nature 411:489.

291. Carrasco, Y. R., S. J. Fleire, T. Cameron, M. L. Dustin, and F. D. Batista. 2004.

LFA-1/ICAM-1 interaction lowers the threshold of B cell activation by

facilitating B cell adhesion and synapse formation. Immunity 20:589.

292. Carrasco, Y. R., and F. D. Batista. 2006. B-cell activation by membrane-bound

antigens is facilitated by the interaction of VLA-4 with VCAM-1. Embo J 25:889.



230

293. Lee, K. H., A. D. Holdorf, M. L. Dustin, A. C. Chan, P. M. Allen, and A. S.

Shaw. 2002. T cell receptor signaling precedes immunological synapse formation.

Science 295:1539.

294. Linthicum, D. S., and S. Sell. 1975. Topography of lymphocyte surface

immunoglobulin using scanning immunoelectron microscopy. J Ultrastruct Res

51:55.


