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ABSTRACT 

The lymphocyte functional antigen-1 (LFA-1) is a type I heterodimeric 

transmembrane (TM) proteins involved in cell adhesion, and mediates a number 

of cellular and physiological processes. In this work, we used recombinant 

fluorescently-tagged proteins derived from the TM domain of the β2 integrin to 

disrupt the function of LFA-1 on Jurkat cells. Four variants of the proteins were 

made including: one with a short cytoplasmic tail (EGFPβ2TM+CD), without the 

cytoplasmic tail (EGFPβ2TM-CD), truncation of five amino acids (EGFPβ2TM-

5B) and truncation of ten amino acid (EGFPβ2TM-10B). These proteins were able 

to label Jurkat cells in vitro in a protein binding assay with affinity, Kd as high as 

280 ± 80 nM (EGFPβ2TM-5B). We used fluosphere beads conjugated to different 

mAb to study the effect of binding on the epitopes of LFA-1. The proteins had an 

overall activation effect on MEM148 and an inhibitory effect on MEM48 epitope 

of LFA-1 receptor. 
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1.1. INTRODUCTION 

Cell adhesion is an important physiological phenomenon that involves a 

cell binding to another cell, surface, or an extracellular matrix (ECM) (1-2). Cell 

adhesion usually features a number of different cell adhesion molecules (CAM) 

interacting with their receptors in either homophilic binding (interactions between 

two identical molecules) or heterophilic binding (an interaction between two 

different CAM or two structurally different molecules) (3). CAMs function as cell 

adhesion and signalling receptors, transducing signals from an extracellular 

source to an intracellular network resulting in a number of physiological processes 

including cell proliferation, cell migration, cell differentiation, and therefore have 

implications in many diseases. Selective disruption of CAM-associations or 

interactions can be used to better understand the role of these molecules and the 

pathways involved in disease processes. Successful strategies may also form the 

basis of new chemotherapeutic strategies.  

1.2. CELL ADHESION MOLECULES 

The major groups of CAMs are the immunoglobulin-like domain 

containing cell adhesion molecules (IgCAMs), integrins, selectins and cadherins 

(4-9). Other adhesion molecules include cell surface heparin sulphate 

proteoglycans (HSPG), ADAMS (a disintegrin and metalloprotease), adherens 

junctions, and protein tyrosine phosphatase (PTP) (10-14). Focal adhesions and 

focal complexes, desmosomes and hemidesmosomes have also been ascribed as 

cell adhesion and signalling molecules (15-21). Most CAMs belong to the 
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transmembrane family of proteins in which an extracellular signal binding domain 

transduce signal via a transmembrane spanning region unto a cytoplasmic domain 

which is involved in different signalling pathways or networks (4).  

Selectins are adhesion molecules which bind to carbohydrates on the cell 

surfaces in a Ca
2+

- dependent manner (22-23). Selectins have a common structure 

with an N-terminal calcium-dependent lectin domain adjacent to an epidermal 

growth factor (EGF)-like motif, followed by a series of short consensus repeats, a 

transmembrane domain and finally a cytoplasmic tail (5). There are three types of 

selectins: L-selectin, P-selectin, and E-selectin which are involved in interactions 

between leukocytes, plateletes, endothelial cells and other blood cells with the 

endothelial membrane leading to leukocyte trafficking (5, 22, 24-27). Leukocyte 

trafficking is a multistep process including tethering of leukocytes to the 

endothelial membrane, rolling of the cells along the vessel walls, firm adhesion, 

and finally transendothelial migration (5, 25, 28-32). The cytoplasmic domain of 

P and E-selectins are not essential for leukocyte adhesion (33). 

IgCAMs are part of the immunoglobulin super-family of protein, another 

class of CAM involved in signal transduction and cell adhesion through a Ca
2+

- 

independent pathway (34). IgCAMs are involved in the regulation of a number of 

embryonic and adult developmental processes involving cell-cell and cell-ECM 

interactions (4). Generally, IgCAMs are structurally similar containing one or 

more Ig-like domains that are usually combined with other protein motifs such as 

FNIII-like repeats. IgCAMs are highly expressed at neuron-neuron, neuron-glia, 
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and neuron-ECM junctions resulting in neurite induction, extension and 

outgrowth where neuronal CAM (NrCAM) receptors on neurofasin are involved 

(35-42). Interactions of IgCAMs can either be trans, in which IgCAMs on 

opposing cells bind together, or cis, in which there is interaction between lateral 

molecules on the same cell. IgCAMs have been implicated in a number of 

disorders including neurodegenerative disorders, migration of malignant glioma 

and melanoma (43-45).  

Another group of Ca
2+

-dependent CAMs are the cadherins, a family of 

proteins strongly correlated with the complexity of organisation in multicellular 

organisms (46). The role of cadherins in the brain has been suggested for the 

pattern of selection and connectivity of neurons in the central nervous system. 

Their function in cell adhesion and signalling has been proposed to include cell 

proliferation, migration, differentiation, invasiveness, morphogenesis and 

apoptosis. Structurally, the family has a common feature which is the presence of 

multiple cadherin-specific repeats (CR) which vary from four to over thirty in the 

different member of the cadherin family. 
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1.3. THE INTEGRIN SUPERFAMILY OF CELL ADHESION 

MOLECULES 

 

 

Figure 1.1: Structure of the αLβ2 integrin complex. 

Integrins are cell adhesion molecules in a heterodimeric association which generally 

consists of a cytoplasmic tail, a transmembrane domain, and an extracellular ligand-

binding head domain. 

 

Integrins are type-I heterodimeric transmembrane cell adhesion molecules 

that mediate a series of biochemical processes (47-52). Integrins are confined to 

members of the kingdom Animalia, with no homologs identified in the Plantae, 

Protista, Fungi, or Monera kingdoms (53-56). Integrins generally consist of two 

sub-units; the α- and β- glycoproteins  each containing an extracellular head 

region (ectodomain), which binds extracellular matrices (ligands); a 

transmembrane domain which is the transducer of signals relayed from the 

cytoplasmic domains to the distal ligand binding site, and the cytoplasmic tail 

which is thought to function in integrin-mediated adhesion. About half of the α-

subunits have an insertion, termed the I-domain. Integrins are formed through 

non-covalent association of an α- and β- subunit (56-60). In humans, about 

eighteen α and eight β sub-units have been identified from which twenty-four 
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different functional integrin combinations are known. Apart from their role in cell 

adhesion, integrins, through their connection with the cell cytoskeleton-mediate a 

number of intracellular pathways that lead to leukocyte trafficking, development, 

haemostasis, immune response, auto-immune and genetic diseases, and cancer 

(61-62). These have been detected through mutation and knock-out studies of the 

genes for these integrins (63-68). Targeting integrins could be an effective way 

for treating such diseases. In fact, monoclonal antibodies which block integrins 

are already used clinically to treat psoriasis and inflammation (hu1124 against 

CD11a) (195) 

Most integrins are expressed on cell surfaces as inactive forms which can 

be regulated through changes in clustering, lateral diffusion, or conformation to 

generate their active forms (110,112). Accordingly, two models have been 

proposed to explain the function of integrins based on microscopic, mutational, 

functional and structural analysis. In the „switchblade model‟, integrins are in a 

„bent‟ conformation with their head region facing down. Following the binding of 

regulatory molecules (such as talin), the cytoplasmic and transmembrane regions 

dissociate leading to dislocation of the β-stalk which results in an upward 

extension of the head region in switchblade-like motion (69-75). In the „deadbolt‟ 

model, the activated integrin is in a „bent‟ conformation which upon binding of 

regulatory molecules, causes sliding of the stalks which disrupt the interaction 

between the head region and the β-stalk (76-78). Integrin activation ultimately 
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leads to a conformational change in the ligand binding pocket of the head region 

that increases its affinity for the ligand.  

 

 

 

Figure 1.2. The ‘Deadbolt’ and ‘Switchblade’ models for integrin 

activation. 

Two models of integrin activation has been proposed: the „deadbolt‟ and „switchblade‟ 

models. In the „deadbolt‟ model, the activated integrin is in a „bent‟ conformation which 

upon binding of regulatory molecules, causes sliding of the stalks which disrupt the 

interaction between the head region and the β-stalk (76-78). In the „switchblade‟ model, 

integrins are in a „bent‟ conformation with their head region facing down. Following the 

binding of regulatory molecules (such as talin), the cytoplasmic and transmembrane 

regions dissociate leading to dislocation of the β-stalk which results in an upward 

extension of the head region in switchblade-like motion (69-75). 
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Integrin bidirectional signalling across the plasma membrane has been 

described in two categories; „outside-in signalling‟ and „inside-out signalling‟ 

(50). In outside-in signalling, integrin-mediated binding to ECM results in 

transduction of signal from the extracellular domain via the transmembrane 

domain to the cytoplasmic tail initiates biochemical processes in the cytosol. 

Inside-out signalling involves binding of a regulatory molecule to the cytoplasmic 

tail which leads to transduction of signals via the transmembrane domain to the 

ectoplasmic ligand-binding site. Inside-out signalling has been shown in platelet 

formation of haemostatic plug involving the cytoplasmic domains of the integrin 

αIIbβ3 which is responsible for platelet aggregation to the plasma protein 

fibrinogen. This supports the fact that resting platelets are unable to bind 

fibrinogen despite the presence of the αIIbβ3 integrin on their surfaces until they 

are activated.(79-82).  

The integrin transmembrane domain is the means through which signals 

are transmitted from the cytoplasmic tail to the ectodomain. In the resting or low 

affinity state, transmembrane domains (TMs) are thought to interact with each 

other forming heterodimers. Binding of cytosolic molecules to the cytoplasmic 

tail would trigger re-orientation or separation of the TMs, which in turn induces a 

structural change in the ectodomain. The disruption of the TM interface alone has 

been shown to promote the activation of αIIbβ3 (133,137). 
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1.3.1. The αLβ2 (CD11a, CD18) Integrin, LFA-1 

 

Figure 1.3: In-active and active forms of LFA-1 molecules on cell 

surface. 

The majority of the LFA-1 molecules on the cell surface are in the inactive form, with 

their ectoplasmic domain facing the cell membrane. Binding of regulatory proteins, such 

as talin, lead to an activation of the receptor exposing the ectoplasmic domain for binding 

to its counter-receptor, such as ICAM-1. 

 

The αLβ2 integrin, also known as lymphocyte function associated antigen-

1 (LFA-1), is expressed solely on the surface of T lymphocytes. LFA-1 is a 

leukocyte-specific receptor that is involved in cell-cell interactions in the immune 

system (83-87). The intercellular adhesion molecules (ICAM) 1-3, which belong 
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to the Ig super family of proteins, are the major ligands that bind to LFA-1 (88-

95). The β2 integrin is expressed exclusively on the surface of cells in the 

haematopoietic system. The β2 integrin associates with different I-like domain 

containing α-integrins sub-units forming heterodimers (αLβ2, αXβ2, αDβ2, αMβ2) 

which enables their interactions with numerous counter receptors on the surface of 

activated endothelial cells. Leukocytes adhesion deficiency, LAD (types I, II, and 

III) is an autosomal-recessive immunodeficiency associated with β2 

malfunctioning or deficiency (65, 96-99). This disease is associated with an 

inability of leukocytes to firmly adhere to blood vessels, with subsequent 

persistent leukocytosis, dramatically reduced accumulation of neutrophils and 

monocytes at extra-vascular sites, impairment of tissue remodelling and a 

recurring life-threatening bacterial infection (100-102). 

1.3.2. Affinity states of LFA-1 

LFA-1 has been shown to exist in three distinct conformations 

corresponding to three different states with different binding affinity for the 

ligands ICAM-1 and secretory ICAM-1 (sICAM-1). These conformations are the 

open, intermediate (open-close) and closed; corresponding to high, medium, and 

low affinities for its ligand (69, 75, 103-108). Continuous regulation of these 

conformations is crucial for maintaining the LFA-1 receptors on circulating 

lymphocytes. Interaction of ICAM-1 and LFA-1 mediates a number of 

immunological processes including leukocyte extravasation, antigen presentation, 

and effector functions (92, 109-112). LFA-1 regulation is important in 
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maintaining the number of circulating leukocytes in the body. In the low affinity 

form, the receptor has its β and α sub-units bending downward thereby bringing 

its binding site to 5 nm of the cell surface. On the other hand, the open 

conformation which corresponds to the high affinity state has its extracellular 

domain extended, bringing the binding site approximately 20 nm from the cell 

surface (105-106). In the intermediate conformation, the αL and β2 sub-units are 

partially bent (108). Some of these conformations can be recognised by the 

binding of specific mAbs. Antibody clone HI 111 recognises and binds the closed 

conformation, while TS1/18 will bind the open-close conformation (103-104, 

113). The open conformation is recognised by binding of Ab clone MEM148 

which recognizes an activating epitope for β2 integrin (114). The active form of 

LFA-1 can be detected using mAb 24, and is known as an LFA-1 activation 

reporter (115-119). On resting leukocytes, about 80% of LFA-1 is maintained in 

an inactive form, while about 20% is in the high affinity state (120).  The 

conformational state of LFA-1 is important in regulating the adhesiveness of 

LFA-1 on circulating leukocytes to their ligands, thereby preventing adherence of 

leukocytes to different cells or ECM (112). During an infection or an 

immunological response requiring leukocyte trafficking, LFA-1 receptors are 

activated to the high affinity form. Regulation of LFA-1 can either be through 

changes in the affinity of the receptor or through rearrangement of the cell surface 

receptor (130, 196).  
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The high affinity state of LFA-1 can be induced through binding of its 

ligand at cell-cell contact sites, in what is termed a ligand-induced conformational 

change (81, 118). Induction of the high affinity forms can be caused by agonist, 

such as phorbol-12-myristate-13-acetate (PMA), divalent cations (Mg
2+

 or Mn
2+

), 

or phosphorylation of the β2 integrin (121-129). Cross-linking of receptors can 

also lead to an increase adhesiveness of the LFA-1 receptors to its ligands. The 

high affinity form is enhanced through cell spreading and clustering of receptors 

(110). Whereas Mg
2+

 ions concentrations of over 1 mM causes high expression of 

the mAb 24 binding epitope, phorbol esters does not. Thus, the avidity of T cell 

LFA-1 to its ligands is dependent on its binding affinity, receptor and ligand 

density, rearrangement of surface ligands and receptors and mechanisms of 

cytoskeletal movements including disruption of cytoplasmic domains of the 

individual integrins (112, 130-134). The receptors are confined to the 

cytoskeleton through their cytoplasmic tail (135). Regulation of LFA-1 affinity is 

not dependent on T cell activation as surface levels do not change following T cell 

activation (112, 136).  

Rearrangement of the cytoskeleton results in a shift from the low affinity 

to a high affinity conformation of integrin (137). This has been shown in the 

platelet integrin αIIbβ3 molecule to involve separation of the TM and cytoplasmic 

domains of the two sub-units (138-140). In the low-affinity state, the integrin TM 

and cytoplasmic tails are in close proximity. Any process that can lead to 

separation of the homomeric association between the TM domains causes 
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rearrangement of the integrin leading to clustering, and finally increased binding 

affinity. Mutations at the sites on the α and β sub-units responsible for this 

homomeric association have been shown to disrupt this association, leading to 

activation of the integrin (130, 141-142). 

1.4. INTEGRINS AS TRANSMEMBRANE PROTEINS  

Transmembrane proteins (TM) constitute over 30% of the genome and 

form the target for over 60% of currently marketed small molecule therapeutics 

(143-144). TMs play a crucial role in cellular processes, including communication 

between cells, between organelles and the cytosol, ion channels and nutrient 

transports, anchors proteins to cell cytoskeleton and links to ECM. Most viral and 

bacterial receptors are TM proteins. TMs are implicated in diseases such as 

diabetes, hypertension, arthritis, depression among others. 

1.4.1. Structure of transmembrane proteins 

In general, TM proteins are found embedded within the hydrophobic 

membrane bilayer. Thus, these proteins consist of mostly non-polar hydrophobic 

amino acid (a.a.) side chains that fold in a manner to satisfy the polypeptide H-

bond site chain with its a.a. side chains facing outward into the lipids. TM 

domains often assume one of either α-helix or β-barrel conformation. More than 

90% of structurally characterized TM proteins assume an α-helix conformation 

which could either be a single bitopic helix or a polytopic helix bundle (145). In 

the α-helix, the amino acids fold in a way that favours the formation of a H-

bonded backbone with the hydrophobic side chains facing outward towards the 
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acyl chains of the lipid. Examples of α-helix membrane proteins include: human 

growth hormone receptor, HGHR, insulin receptor, ATP binding cassette family, 

P-glycoproteins (such as ABC transporters), and G protein-coupled receptors 

(GPCR). TM β-barrel structures consist of β sheets that satisfy the formation of 

H-backbone between strands, wrapping the sheets into a barrel shapes with the 

a.a. hydrophobic side chains facing outward in the acyl lipid chains. The β-barrel 

sheets are observed in the outer membranes of Gram negative (G –) bacteria and 

some membrane acting toxins (such as porins). The structure of TM proteins is 

determined in part by the phospholipids in the membrane bilayer (146-147).  The 

structure of the β3 integrin and glycophorin A (GpA) in phospholipid bicelles (for 

example glycerophosphatidylcholine-based lipids) and detergent micelles (for 

example dodecylphosphocholine) has shown a preference for the integrin to 

immerse in the hydrophobic bicelle core in a manner typical of α-helical proteins 

in the membrane (148-150). These proteins are able to form heterooligomers or 

homooligomers in micelles and bacteria membranes (151-153). 

TM α-helices of integrin glycoproteins contain a GXXXG motif that 

participates in the formation of homo and heterodimers (151). This sequence of 

a.a. has been shown on GpA using NMR studies and also in the αIIbβ3 integrin 

using mutational and NMR analyses (154). Formation of integrin homodimers 

within the TM region is crucial in regulating integrin function. Activation of 

integrin has been induced by modulating the helix association of the integrin TM. 

Disruption of TM helix association can lead to activation, as in the case of 
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activation of the platelet αIIbβ3 integrin by an exogenous peptide that corresponds 

to the TM of αIIb integrin (133). Disruption of TM association can result in 

inhibition of receptor function, as in the case of an exogenous peptide mimicking 

TM domain of GPCR or the P-glycoprotein, an ABC transporter (155-156). 

Disruption of integrin function can also be brought about through mutation in an 

a.a. in the region essential for homodimerization (84). 

1.4.2. Transmembrane protein association 

The GXXXG motif in TM proteins, commonly referred to as the glycine 

zipper, is crucial for the formation of homomers and heteromers observed in TM 

domain association seen in lipid bicelles and bacterial membranes (157). 

Homomers are products formed through non-covalent association of a single type 

of integrin subunit whereas heteromers are formed between non-covalent 

associations between different subunits of integrins.  The small size of the glycine 

residue can allow two TM helices to come into close proximity while the random 

a.a. residues further add specificity in the formation of a distinct binding cleft. 

Homomeric and heteromeric associations observed in integrin TM domains are 

important in regulating integrin function. In the inactive form, the TM domains of 

the α and β glycoprotein sub-units are in a heteromeric association. Disruption of 

this association results in activation of the integrin which can lead to a 

simultaneous homomerization of the individual sub-unit. These associations have 

been described using TM domains expressed in different bacterial reporter 

systems (158-160). 
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1.4.2.1. Homo-oligomeric and Hetero-oligomeric association of TM proteins 

 Heteromeric associations observed in integrins are usually strong enough to 

maintain the integrin in its inactive conformation, but weak enough to be easily 

disrupted during integrin activation. Integrins as heterodimers form an ideal 

system for understanding these associations. Heteromeric and homomeric 

associations have been described using the platelet αIIbβ3 integrin receptor, the 

dimerization of GpA TM and the ErbB1 and ErbB2 (also known as epidermal 

growth factor receptors) using the TOXCAT and GALLEX bacterial reporter 

systems (151, 158-159, 161). The TOXCAT assay makes use of the N-terminal 

DNA binding domain of ToxR in a chimeric fusion with a periplasmic maltose 

binding protein (MBP). In between the ToxR and MBP is a transmembrane (TM) 

protein of interest. Association of the TM protein leads to activation of a 

chloramphenicol acetyltransferase (CAT) gene which can be measured by the 

level of CAT expression (159). The GALLEX system on the other hand makes 

use of two LexA DNA binding domains of different specificity coupled separately 

to two TM proteins. Association of these TM proteins will lead to the repression 

of β-galactosidase synthesis (158).  

In the TOXCAT assay, the TM domain of interest is expressed as a 

chimeric protein between an N-terminal binding domain of ToxR (a dimerization-

dependent transcriptional activator) and a C-terminal monomeric periplasmic 

anchor MBP (159). This is done by inserting the cDNA encoding the TM domain 

of interest in a plasmid between the MalE and the ToxR transcription activator 
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genes (ToxR-TM-MalE construct) (160). The resulting plasmid is expressed in E. 

coli cells and grown on M9 medium/agar containing maltose as the only source of 

carbon. In the TOXCAT reporter system, association of the TMs results in 

activation of the ToxR transcription factor which encodes a CAT reporter. CAT 

expressional level as a measure of β-galactosidase activity is then quantified, and 

is directly proportional to the strength of dimerization observed in the TM. The 

orientation of the chimeric protein in the membrane was determined by the ability 

of transformed MBP-deficient bacteria strain with the plasmid to grow in medium 

containing maltose as the only carbon source. Only cells that expressed 

periplasmic maltose were able to grow under such conditions.  

The introduction of a TM protein such as GpA, αIIb, ErbB1 in the 

membrane that mediates dimerization will lead to the dimerization of the ToxR 

cytoplasmic tails resulting in activation of the CAT gene under the ctx promoter 

with a subsequent resistance to chloramphenicol (CAM) being acquired. The 

extent of dimerization can be quantified in two ways: by measuring in vitro the 

amount of CAM acetylation by CAT or by in vivo acquisition of resistance to 

CAM. Using this system, Gerber et al. showed that two motifs on the TM 

domains of ErbB1 and ErbB2 are responsible for homodimerization and 

heterodimerization. The ErbB is a family of receptors that are involved in cancer 

proliferation and differentiation (162).  In ErbB1, only site I motifs (N-terminal) 

are involved in homodimerization whereas in ErbB2 both sites I and II (C-

terminal) are involved (163). To detect any heterodimerization, an exogeneous 



18 

 

peptide is added to the system, and the CAT activity measured (164-165). In this 

case the addition of a synthetic peptide corresponding to ErbB1 (with just the site 

I motif) to the ErbB2 system resulted in a decrease in the β-galactosidase reporter 

gene signal (163). Control peptides used were by introducing mutations within the 

GXXXG motif including a M81V and G83I. 

Homomeric and heteromeric association of the platelet integrin αIIbβ3 has 

been examined using the TOXCAT system (151). In this study, Zhu et al. were 

able to determine the a.a. residues responsible for heterodimer and homodimer 

formation through a number of mutational studies. Residues involved in 

homodimer interactions are widely dispersed, whereas those involved in 

heterodimer association are comprised of interdigitated a.a. residues. Mutation of 

most of these residues results in destabilization of these interactions with some 

favouring homodimerization. Although homomeric associations between the β3 

TM are substantially weaker compared to those of αIIb, heteromeric associations 

between the two integrins are strong enough to maintain the αIIbβ3 association of 

the platelet integrin. Unlike the G652I mutation in the ErbB1 system that showed 

a significant reduction in heterodimer formation, mutations in the GXXXG motif 

in αIIb makes it more glycine zipper-like thereby mediating homomeric 

interactions similar to that observed in GpA (141, 166). Mutations along the 

GXXXG face of the αIIb disrupt heterodimer formation as this result in residues 

which are unable to pack into the grooves formed by the β3 face. Mutations along 

the full length β3 integrin was activating in contrast to the TOXCAT assay which 
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could either enhance or disrupt homomeric activity. They further tested the effects 

of these mutations in the full length integrin by observing their binding ability to 

fibrinogen. Some mutations that had a disruptive effect on the TOXCAT assay did 

not induce fibrinogen binding. There is a remarkable difference in the essential 

residues involved in each type of association. The N-terminal L697, M701 and 

I704 of β3 pack closely against the GXXXG motif of the αIIb. The G708 of β3 is 

also involved in a complementary interaction with residues on the αIIb, whereas it 

is less important for homooligomeric interaction as assessed by mutation of 

G708A(L). 

The GALLEX reporter system functions in a similar way except that it is 

based on the repression of a reporter gene activity by two LexA DNA binding 

domains with different DNA specificities (158, 167). LexA is a transcriptional 

factor whose dimerization is required to efficiently repress transcription (168). 

LexA has been employed in the development of a system to study 

heterodimerization of soluble proteins in E. coli (169). Schneider et al. were able 

to use the GALLEX reporter system in analysing the interaction between the α4 

and β7 integrin TM helices. They showed that these TM domains both form weak 

homo- and hetero- oligomers. The gene encoding the TM of interest was inserted 

between the MalE and LexA genes in a plasmid forming an N-terminal 

cytoplasmic LexA and a C-terminal periplasmic MBP protein (LexA-TM-MBP). 

Like in the TOXCAT system, introduction of a TM protein that drives 

dimerization will lead to binding of the two different variants of C-terminal LexA 
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domains to different DNA sequences that are adjacent to one another. This will 

result in binding to an operator region leading to repression of the β-galactosidase 

activity. The correct orientation and insertion of the chimeric protein was 

ascertained by growing E. coli cells transformed with the plasmid in M9 medium 

containing 0.4% maltose as the only source of carbon. Cells that expressed 

maltose in their periplasm were able to grow under such conditions. 

Homodimerization was done in E. coli SU101 cells in which the lacZ gene is 

under the WT LexA recognition sequence (op+) whereas heterodimerization was 

done in the E. coli SU102 cells with its lacZ reporter gene placed under the 

control of op480/op+ hybrid operator (half WT plus an alter half LexA DNA). 

1.4.3. Probing transmembrane protein interactions 

Studies of TM proteins have been lagging behind that of their water-

soluble counterparts due mainly to their hydrophobic nature. Due to their vast role 

in cellular processes and their therapeutic propensities, understanding TM protein 

is an important target. The development of agents that target protein-protein 

interaction in the membrane is crucial to elucidating their functions. Major 

advances in understanding membrane protein-protein interactions through the 

development of agents that selectively, and specifically, target protein TM 

domains are in progress. Current techniques being employed include, but are not 

limited to: the use of computer designed peptides, the use of exogenous peptides 

mimicking TM domains of receptors, mutation of essential amino acid involved in 

TM associations and the use of fluorescent and genetic screens. These methods 
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have been reviewed by Zhao et al., Slivka et al. and Hang Yin (144, 170-171). 

Here we will discuss work that involves the use of synthetic peptides to probe the 

function of a TM interaction. 

1.4.3.1. Use of computationally designed anti-TM peptides 

Computational protein chemistry has been used to study water-soluble 

proteins, but their application in membrane proteins has not been widely 

investigated (172-176). In their resting state, the TM domains of integrins are in a 

heterodimeric association which becomes disrupted when integrin is activated 

(142, 177-179). Yin et al. have developed a computational approach to designing 

anti-membrane proteins that specifically binds to the TM of αIIb and αv integrins. 

This approach is termed computed helical anti-membrane protein (CHAMP) (180-

181). The first step in the design of CHAMP peptides involves selection of a 

backbone peptide-target complex. This is preceded by a selection of the peptide 

amino acid sequence. A database containing membrane-protein structures is used 

for selecting the backbone peptides to serve as potential templates. Since most 

TM helix-helix pairs have a well defined structural motif, it was possible to 

predict preferred interactions between target TM helices. In the case of integrins, 

their TM helices have a GXXXG sequence motif which can form a parallel right-

handed glycine-alanine-serine (GASRight) motif with approaching helices. With 

the identification of the preferred mode of interaction, the helical pairs from 

known protein structures could serve as a backbone for designing CHAMP 

peptides.  The helical pairs selected are referred to as template pairs, with the 
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individual helices being the template helix. Following the identification of the 

template helices, the sequence of the target TM helix (αIIb and αv integrins) was 

threaded onto one of the two template helices. This was realized by matching the 

GXXXG motifs of both the target and templates together. Once this was achieved, 

the amino acid sequence of the CHAMP peptide was selected using a side chain 

repacking algorithm which optimized the rotamers of the CHAMP helix.  

Using CHAMP, Yin and co-workers were able to design anti-αIIb and anti-

αv peptides that specifically target the TM of αIIb and αv, respectively both in vivo 

and in vitro. The templates used in the design of CHAMP were taken from 

polytopic proteins which had no structural or functional relation with integrins. 

They used the glycerol-3-phosphate transporter (1PW4) as a template for the anti-

αv peptide and the photosystem I reaction center (1JB0) for the anti-αIIb. These 

peptides were then synthesized using solid phase peptide synthesis (SPPS) with 

their solubility enhanced by introduction of polar groups at their C- and N-termini. 

FRET analysis was used to evaluate the association of CHAMP peptides with 

their targets in micelles. Both SDS PAGE and analytical ultracentrifugation 

indicated the presence of homodimers and heterodimers with their respective 

targets. Using the dominant-negative TOXCAT assay, they showed that both anti-

αIIb and anti-αv formed homodimers in bacterial membranes and that they were 

highly specific for their targets, as opposed to other TM domains. The TM of α2, 

αv, β1, or β3 did not interact with the anti-αIIb and in a similar manner; the TM 

domains of α2, αIIb, β1 or β3 failed to associate with anti-αv.  
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CHAMP peptides induced platelet aggregation and adhesion in vivo. 

Platelet aggregation is brought about by binding of the αIIbβ3 through an ADP 

mediated interaction of its extracellular head with its divalent ligand, fibrinogen. 

Platelet adhesion to osteopontin is mediated via αvβ3 integrins. Incubation of 

platelets with 0.5 µM anti-αIIb caused an increase in aggregation to fibrinogen, an 

indication that anti-αIIb CHAMP peptide recognises and specifically binds to its 

target αIIb in vivo, even in the presence of closely related integrins. Binding of the 

anti-αIIb to its target resulted in destabilisation of the αIIbβ3 integrin heterodimer 

which leads to activation of the integrin causing the increase in aggregation 

observed. Aggregation was not significantly altered with inhibitors of platelets 

such as inhibitors of glycoproteins PG IIb/IIIa receptor such as abciximab, 

tirofiban, integrilin and aspirin. On the other hand, 10 µM of anti-αv peptide 

equally induced an increase in adhesion of platelet cells to the matrix protein 

osteopontin.  

In conclusion, the action of CHAMP peptides was consistent with the 

push-pull mechanism of integrin activation where any process that causes a 

disruption of the integrin association (such as mutation in the region involve in 

helix-helix formation) resulted in activation of the integrin. In this case, CHAMP 

peptides bind to a site on the α-TM helix that is involved in heterodimerization 

with the β-TM, thereby preventing the formation of the heterodimer. CHAMP 

peptides can thus be applied in a similar way to the use of antibodies in blocking 

water soluble proteins.  
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1.4.3.2. Use of synthetic peptide mimics 

The use of synthetic peptides in targeting TM domains of protein receptors 

is challenging. TM protein sequences are generally highly hydrophobic, resulting 

in sequences that are prone to aggregation of the peptide. Hence the design of 

synthetic peptides that mimic TM domains must take into consideration several 

parameters, among which are the inclusion of terminal anionic amino acids to 

confer solubility for easy delivery, hydrophobic residues to facilitate binding and 

insertion of peptide, and anchoring residues to ensure proper orientation of the 

peptide in the membrane. 

1.4.3.2.1. Inhibition of dimerization and activation of β2 adrenergic receptor  

Hebert et al. used a synthetic peptide derived from the β2-AR TM to 

inhibit dimerization and activation of the receptor in vivo (182). β2-AR is a 

member of the GPCR family of proteins that mediates a number of neurological 

processes in the body. Activation of the receptor is seen in its effector molecule, 

adenylyl cyclase being activated. Here, the investigators were able to show the 

importance of dimerization to the functioning of the receptor by inhibiting the 

receptor with a peptide derived from the TM domain. β2-AR forms oligomers 

which are readily visible on SDS-PAGE, and are resistant to treatment  of the 

receptors with reducing and denaturing agents such as β-mercaptoethanol, 

dithiothreitol, urea, guanidinium hydrochloride. It has been shown that there is a 

motif in the TM domain of GpA which was responsible for dimer formation. 

Analysis of β2-AR also revealed the presence of a similar motif at the cytoplasmic 
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end of the sixth TM domain consisting of leucine and glycine residues (LXXXG) 

positioned with a similar spacing as was observed in GpA.  

It has been suggested that TM VI was the most exposed TM segment and 

the leucine and glycine residues appear on the external face of the helix (183). To 

test this hypothesis, a 20 a.a. peptide was synthesized that corresponded to the TM 

VI. The results showed that addition of the TM VI peptide significantly reduced 

the amount of dimmers formed in a time-dependent manner with up to 69% 

reduction observed in 30 m. A control peptide derived from the TM VII of the D2 

dopamine receptor had no effect even at maximal concentration. Another control 

peptide derived from TM VI of β2-AR with mutations of G276, G280 and L284 to 

alanine slightly decreased dimer formation, but in effect, did not cause any 

appreciable decrease in dimer formation compared to the TM VI peptide. 

Treatment of cells with 0.15 µg/µL of TM VI peptide significantly inhibited 

receptor stimulated adenylyl cyclase activity from inhibition of receptor 

dimerization. 

1.4.3.2.2. Inhibition of GPCRs 

Building upon the above findings, Michejda and co-workers used 

synthetic peptides that mimic TMs of GPCRs to inhibit receptor function by 

disruption of TM interactions (155). GPCR serves as a therapeutic target for most 

diseases. The general strategy for targeting GPCR has been the design of 

antagonists that target the external binding site. Michejda and co-workers sought 

to target GPCRs by disruption of the TM interaction. They synthesized peptides 



26 

 

corresponding to the TM of all seven proposed TM domains of the GPCR to test 

their hypothesis. The synthetic peptides corresponding to TM domain of GPCR 

did indeed disrupt receptor function by interfering with TM associations. This 

could be evaluated by measuring the amount of intracellular Ca
2+

 released in cell 

lines expressing CXCR4.  

Michejda and co-workers found that a 24 a.a. peptide, CXCR4-2-2 

corresponding to TM2 of the CXC chemokine receptor 4 (CXCR4) was the most 

potent antagonist, completely blocking the transduction of signal at a 

concentration of 0.2 µM. Introduction of terminal anionic amino acid residues to 

the peptides enhanced the potency of the antagonist by facilitating penetration of 

the cellular membrane. They further identified antagonists from the remaining TM 

domains. The selectivity of the antagonist to its specific TM domain was 

supported by the fact that all peptides derived from the CXCR4 receptor had no 

influence on signalling via the CC chemokine receptor 5 (CCR5), a chemokine 

involved in HIV-1 entry. A peptide derived from TM2 of CCR5 (CCR5-2-1) 

completely abolished RANTES-induced CCR5 signalling in U87 cells at 0.5 µM 

but had no influence on CXCR4 signalling. Combination of CXCR4-6-1 and 

CXCR4-7-3 antagonists together had a higher inhibitory effect on the CXCR4 

receptor compared to the individual antagonists.  

In a similar manner, Michejda and coworkers extended their findings to 

the rat chemokine CCKAR where they showed that peptides derived from the first 

and second TM (CCKAR-1-1 and CCKAR-2-1) were able to inhibit ligand 
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binding and signalling in CHO cells transfected with rat CCKAR. These same 

antagonists had no effect on CXCR4 and CCR5, illustrating the selectivity and 

specificity of the antagonists to the target TM.  Coupling of GPCRs to adenylate 

cyclase and G-protein has also been inhibited using a similar approach in an 

attempt to understand the molecular basis of receptor function (184-185).  

A direct application of these findings was extended to a drug candidate for 

use in inhibiting HIV-1 replication in a cell-based cytoprotection in vitro. CXCR4 

and CCR5 are chemokine receptors involved in HIV-1 entry. Michejda et al. 

showed that CXCR4-4-2 was the most potent peptide for inhibition of HIV-1 

infection at concentrations of 1 µM with an IC50 of approximately 300 nM (155). 

The peptides CXCR4-2-2 and CXCR4-7-3 also inhibited infections at 2-3 µM 

concentrations. They also observed that none of the CCKAR peptides inhibited 

HIV-1 infection and none of these peptides caused cell toxicity. The inhibition of 

receptor function can be explained by antagonist peptide insertion in the cell 

membrane, and competition with the intra-membrane helices, thereby disrupting 

the cytoskeleton. 

1.4.3.2.3. Inhibition of P-glycoprotein (P-gp)   

ABC transporters, such as P-glycoprotein, modulate numerous cellular 

functions through their action as pumps for various compounds across the 

cytoplasm and organelles. These proteins utilize ATP as an energy source for their 

pumping functions. ABC transporters have been shown to be highly involved in 

rendering cancer cells resistant to chemotherapy, and as such development of 
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specific inhibitors against them can form a target for oncology (186-188). ABC 

transporters consist of twelve helical TM segments forming two membrane 

domains with two nucleotide binding domains at their cytoplasmic surfaces. The 

TM domains form part of the substrate binding site and undergo reorganization 

during the pumping process. There is a high homology between the primary and 

tertiary structures of the nucleotide binding domain while the TM domain shows a 

structural variation in the amino acid sequence in the tertiary protein (189-190). 

Michejda et al. extended their inhibition of GPCRs to the ABC transporter 

by synthesizing derivatives of all 12 TM helices of P-gp and testing their ability to 

inhibit the function of the transporter (156). Based on the predicted TM domains, 

they were able to generate, using different computer programs, TM domains 

corresponding to the 12 TM. Due to limitations of the SPPS, the maximum 

number of amino acid residues synthesized was 26. Substitution of terminal a.a. 

with anionic a.a. residues enhanced the potency of the peptides. The effect of 

adding aspartates at the C-terminus of the peptides was clearly seen in the 

increase in potency for peptides having the aspartates as opposed to those without 

the C-terminal aspartate (MDR1-5-4 compared to MDR1-5-2, MDR1-7-3 

compared to MDR1-7-2, and MDR1-4-2 compared to MDR1-4-1). Apart from the 

TM 10 that formed high aggregates and could not serve as inhibitor, TM of all 

other helices could form active inhibitors though with varied potency. The length 

of the peptides also contributed to potency with some shorter peptides showing 
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high potency compared to the longer variants. In most cases however, decreasing 

peptide length was associated with a corresponding decrease in potency. 

The activity of these inhibitors was measured by FC analysis of cells 

incubated with rhodamine 123 which confirmed the inhibitory activity of the 

peptides. Laser scanning confocal microscopy further revealed much higher 

fluorescence of the cells following treatment with peptide inhibitors. The 

inhibitory ability of these peptides inhibitors was found to be selective as the 

CXCR4 derived peptides had no effects on the efflux of fluorescent substrates of 

P-gp. Other derived peptides from ABC G2 transporter had no influence on P-gp 

and vice versa. Finally, they tested the ability of the most soluble MDR1-2-2 

peptides to sensitize highly resistant colon cancer cell lines expressing MDR1 to 

doxorubicin. They observed several-fold increase in toxicity of doxorubicin in the 

presence of the peptide. Due to solubility constrains in culture medium, the other 

peptides could not be tested.  

1.5. OBJECTIVES 

 The goal of this project was to make exogeneous protein probes with 

fluorescent tags that can specifically and selectively bind and insert to cell lines 

expressing LFA-1 as the only β2 integrin containing receptor. These proteins 

would be engineered using molecular biology techniques and the proteins tested 

in vitro on Jurkat cells (clone E6.1). Insertion of these chimeric proteins would 

result to disruption of the receptor function. We can then quantify the extent of 

this disruption by an in vitro adhesion assays with ICAM-1 or by measuring the 
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change in binding of mAbs directed against specific epitopes on the LFA-1 

individual integrins.   

1.6. RATIONALE 

Synthetic peptide mimics have been successfully used to inhibit receptor 

function of the GPCRs, ABC transporter, and the inhibition of TM dimerization. 

We hypothesize that peptides which specifically bind to integrin TM could be 

used to specifically disrupt the function of LFA-1. Furthermore, we considered 

that if the peptides specifically bind to LFA-1, they could be used as a labelling 

strategy if a fluorophore were incorporated. We designed chimeric peptides 

having an N-terminal EGFP tag linked to a C-terminal β2 integrin TM variant. 

Unlike SPPS, we used a bacterial expression system to make our proteins. The 

solubility of the fusion protein was enhanced by adding several amino acids of the 

cytoplasmic tail of β2 integrin to the construct.  

 

 

 

Figure 1.4: Design of β2 TM proteins 

Designed proteins for this study had an N-terminal EGFP fused to the β2-TM 

protein variant via a 9-mer linker. 
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Figure 1.4: Schematic representation of binding and disruption of 

LFA-1 receptor by β2 fusion proteins. 

The binding and disruption of β2 integrin proposed to occur in three steps (166, 191-194). 

A: Binding of the TM to the lipid bilayer. B: Bound TM inserts into the membrane and 

assumes the desired orientation for interaction with the integrin of interest. C: TM 

associates with the WT TM domain of the target integrin. 

 

We hypothesized that if cells are incubated with such peptides, they will 

assume an orientation that will favour the insertion of small, mostly hydrophobic, 

C-terminus-attached β2 TM domain into the cell membrane. The presence of 

hydrophilic residues will facilitate binding on the membrane. The hydrophobic 

residues can then orient the recombinant proteins in a conformation that favours 

insertion. Once inserted, the protein can move in the membrane and bind to the 

target TM rearranging the target integrin receptor and displacing the β2 integrin. 

This displacement can either lead to activation or inhibition of the LFA-1 receptor 



32 

 

to binding of its ligand. This disruption should have a substantial effect on the 

binding of mAb to epitopes located on the β2 integrin.  

In this thesis, Chapter 2 will discuss the engineering of the recombinant 

EGFP-β2TM proteins and characterize the binding of these proteins to cells. Four 

variants of the EGFP-β2TM proteins were expressed in a bacterial system and 

characterised using SDS-PAGE, CD spectroscopy, and mass spectroscopy. Jurkat 

cells (clone E6.1) were treated with these recombinant proteins, and their binding 

was evaluated using flow cytometry (FC) and fluorescence microscopy. The 

results obtained showed that the recombinant proteins bind to cells and caused 

labelling of the cells. EGFP protein was used as a control protein, and did not 

show any binding to cells. 

In Chapter 3, we report on the use of the β2-TM proteins in interfering 

with the structure of LFA-1 heterodimers. Jurkat cells were treated with these 

recombinant proteins, and their ability to bind to fluorsphere beads conjugated 

with specific mAb to LFA-1 epitopes was determined. The results showed that 

some recombinant proteins enhanced binding of MEM48 and MEM148 mAbs 

against the β2 integrin. Further analysis with PMA, a T-cell activator showed a 

greater than 2-fold increase in binding of LFA-1 to mAb, whereas, cyto D, an 

inhibitor of cytoskeletal disruption caused a decrease. The effect of glycosidases 

on LFA-1 was also determined since very little work has been done in 

determining the role of glycosylation on LFA-1 receptor. 
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2.1. INTRODUCTION 

About one third of eukaryotic and prokaryotic proteins are membrane 

associated or transmembrane proteins(1). Generally, transmembrane proteins 

consist of an extracellular portion, known as the ectodomain, and a hydrophobic 

membrane buried region, known as the transmembrane (TM) domain, which links 

the ectodomain to a cytoplasmic domain. TM proteins can be single-pass, with 

just a single membrane-spanning portion or multiple-pass with numerous portions 

spanning the membrane. Single pass TM proteins can be Type I, II or III while 

multiple-pass TM proteins are classified as Type IV. Type I proteins are anchored 

via a stop-transfer anchor sequence to the membrane orientating the protein 

during translocation with their N-terminus facing the endoplasmic recticulum 

(ER) lumen. Type II TM proteins are anchored using a signal-anchor with their N-

terminus facing the cytosolic compartment. Type III TM proteins are anchored 

with a signal-anchor but their N-terminus is oriented to face the extracellular 

compartment. Type IV TM can either be IVa with their N-terminus targeted to the 

cytosol or IVb when they have their N-terminus in the extracellular lumen (2).  

Studies of TM proteins are challenging due to issues with solubility and 

aggregation. TM proteins are known to be the targets for over 60% of available 

pharmaceuticals (3). Thus, understanding TM proteins becomes critical as the 

design and exploitation of exogenous agents that specifically target TM domains 

of proteins could provide new therapeutic strategies. (3-5). This arena already 
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forms the basis for the development of new therapeutics proven beneficial in 

animal models (6-8). 

As discussed in Chapter 1, conventional methods that have been used in 

studying TM proteins include mutational, structural studies, and the use of 

synthetic peptides to disrupt receptor function (3, 9). Synthetic peptides that 

mimic the TM domains of the G-protein–coupled receptors (GPCRs) have been 

shown to specifically inhibit signaling and the in vitro replication of HIV-1 (9-

10). Michejda et al. used synthetic peptides derived from the TM domains of 

GPCR (TM2) to disrupt the function of receptors (10). This resulted from the 

synthetic peptide binding and inserting into the membrane, thereby competing 

with the actual TM domain. Another approach has been the use of computed 

helical anti-membrane protein (CHAMP) (5, 9, 11). Previous studies on the TM 

domains of the ErbB receptor or epidermal growth factor receptor (EGFR) family 

indicated that the TM contains two GXXXG-like motifs implicated in the 

formation of homo and heterodimers in the ErbB1 and ErbB2 receptor (4-5, 9, 

12). Mutation of a Thr residue in the GXXXG motif found in the TM domain of 

β2 integrin has been shown to be crucial for dimerization of the integrin TM (12). 

CHAMP generated peptides have been used to target the α-subunit of the platelet 

integrin αIIbβ3 (13-14). TM domains of peptides tend to form homodimers in lipid 

micelles and in E. coli membranes (15).  

LFA-1 is a receptor expressed exclusively on leukocytes and is involved in 

leukocyte recruitment and trafficking. LFA-1 is formed by the heterodimeric 
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association of the αL and β2 integrin TM domains on the surface of T cells. Like 

many other integrins, this heterodimerization is important in maintaining the 

receptor in its inactive state on cell surface. Disruption of the association has been 

observed during integrin-mediated activation in the platelet αIIbβ3 and a similar 

phenomenon has been observed in αLβ2 integrin using structural and mutational 

analysis.  

LFA-1 is constitutively expressed on the surface of T lymphocytes. LFA-1 

is a receptor involved in a number of immunological processes in the body 

involving cell-cell adhesion, cell-ECM interaction and has equally been 

associated with diseases including human leukocyte adhesion deficiency, bovine 

leukocyte adhesion deficiency and chronic inflammatory diseases such as 

arthritis, psoriasis, and asthma. Binding of LFA-1 to its counter-receptor, the 

intercellular adhesion molecule (ICAM) 1-3 is crucial in mediating immune 

response. During leukocyte trafficking, T cells adhere to blood endothelia using 

LFA-1 receptors. This leads to an arrest of T lymphocytes at the site of signal 

initiation with subsequent extravasation and finally the propagation of the 

immune response.  

2.2. HYPOTHESIS 

We proposed that fluorescent proteins containing the TM domain of the β2 

integrin would bind or insert and interfere with the function of LFA-1 on the cell 

surface of lymphocytes. The inclusion of EGFP in these molecules will allow 

fluorescence microscopy or flow cytometry (FC) to be used for detection of 
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binding. We hypothesized that if the β2-TM proteins disrupt LFA-1 function, they 

should bind to the cells with high affinity.  

In this chapter we discuss the engineering of the EGFP-β2 TM constructs, 

their purification and characterization, and their binding to an LFA-1 (+) cell line, 

Jurkat lymphocytes. These proteins are recombinantly expressed with an N-

terminal EGFP, thus providing a convenient label for detection and EGFP would 

enhance the solubility of the chimeric proteins cognizance of the hydrophocity of 

the fused TM proteins. We wanted to study the effect of a short segment of the 

cytoplasmic domain of β2 integrin on binding to the cells. Furthermore, since the 

TM domain of interest is considerably longer compared to synthetic peptides that 

have been used in similar studies, we designed some proteins with truncations. 

We generated four proteins with lengths of 23, 28, 33, and 45 amino acid (a.a.) 

residues (excluding the EGFP tag). The peptide designated EGFPβ2TM+CD (45 

a.a.) was expressed from the gene encoding 10 a.a. of the β2 tail domain, the 

whole TM domain and 12 a.a. of the cytoplasmic domain. The EGFPβ2TM-CD 

protein contains a truncation of the 12 a.a. cytoplasmic domain. The EGFPβ2TM-

5B is derived from truncation of 15 base pairs (bp) from the 3‟ end of the gene for 

the TM domain. The last variant made was a truncation of 30 bp from the 3‟ end 

of the gene for the TM domain of β2 integrin.   

We describe the use of these proteins to label Jurkat cells. We decided to 

use molecular biology approach in engineering these proteins due to the 

limitations associated with using solid phase peptide synthesis in generating 
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hydrophobic proteins of greater than 26 a.a. residues. To the best of our 

knowledge, this is the first work that has been done on TM protein using 

recombinant proteins expressed in bacterial systems. We have used recombinant 

fluorescent protein tags carrying the β2-TM domain, and truncated variants, to 

label Jurkat cells (clone E6.1) which expresses the lymphocyte function 

association-antigen-1 (LFA-1) receptors on their surfaces. 

 

2.3. RESULTS 

2.3.1. Design and synthesis of the β2-TM genes 

The genes for the fluorescent protein tags were constructed by PCR 

amplification of the gene for the TM domain of the β2 integrin downstream from 

the gene for enhanced green fluorescent protein (EGFP). The resulting gene 

would express an N-terminal EGFP protein with a C-terminal β2 integrin TM. 

The sequence for the β2 integrin target region and the gene is outlined for 

all the recombinant proteins shown below in Figure 2.1 (16). Figure A1 (appendix 

section) shows the full sequence of the proteins and the different a.a. truncated. 

We introduced a mutation (C695S) of the integrin β2 tail domain to prevent the 

formation of disulfide bonds. In effect, we were attaching a 45 a.a. peptide on to 

the C-terminus of the EGFP protein with the whole TM region of the β2 integrin 

(23 a.a.) sandwiched between 10 a.a. of the tail domain, and 12 a.a. of the 

cytoplasmic domain. We fused the peptide at its N-terminus so that the EGFP end 

of the recombinant protein would be expressed in the extracellular lumen as LFA-
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1 is a Type I TM protein. This design will allow us to study the effect of the 

cytoplasmic tail on the binding of the protein to the cell membrane and also 

investigate the effect of the different lengths of the proteins on binding. This 

peptide is considerably longer when compared to synthetic peptides that have 

been employed in similar studies ranging from 18 – 26 a.a. (4, 10, 13-14).  

 

Figure 2.1: EGFPβ2-TM recombinant proteins 

All of the β2-TM proteins have an N-terminal EGFP linked via a 9-mer linker 

(GSTGSTGST) at the β2-TM. The linker is designed to enhance the solubility of the 

peptides. 

 

2.3.1.1. The pBAD/His A, B and C vector 

The pBAD vector is a pBR332-derived expression vector that has been 

engineered for the expression and purification of recombinant proteins in E. coli 

(64). The vector utilizes the araBAD promoter (pBAD) which optimizes the yield 

of soluble protein expressed. It also includes an AraC cassette which regulates the 

PBAD promoter. The PBAD expression is induced in the presence of L-arabinose, 

whose concentration is critical in optimizing the yield of soluble protein. The 

protein includes an N-terminal poly-histidine tag which forms the basis for the 
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purification of proteins using immobilized metal affinity chromatography with Ni-

NTA resins. In addition, there is an ampicillin resistant gene (β-lactamase) which 

provides for easy selection of plasmid in E. coli. 

2.3.1.2. Synthesis of recombinant genes 

The gene coding for the EGFP protein (egfp (gene A)) was provided within the 

Xho I and EcoR I restriction enzyme (RE) sites of the multiple cloning (MC) site 

of the pBAD-His vector. This is in frame with the poly-histidine sequence for 

easy purification of the expressed protein. 

The gene for the recombinant EGFP β2 TM with a short cytoplasmic tail 

gene (egfpβ2tm+cd) (gene B) was synthesized from the egfp and the ksiβ2 gene 

(synthetic fusion of the β2 TM with the bacterial Ketosteroid isomerase protein) 

templates by polymerase chain reaction (PCR). PCR amplification of the gene 

was achieved using four primers; two outer primers A and D and two inner 

primers B and C. The EGFP protein was linked to the β2 integrin via a 9-mer 

consisting of the amino acids GSTGSTGST. The resulting construct, egfp-linker-

β2-TM would be used for the expression of the EGFPβ2TM+CD protein. The gene 

for recombinant EGFP β2 transmembrane without the short cytoplasmic tail gene 

(egfpβ2tm-cd) (gene C) was constructed in a like manner from the egfp and ksiβ2 

genes using four primers A, B, C and EGFPTM-CD (acting as D). egfpβ2tm-cd 

was made to exclude the short cytoplasmic tail of the β2 integrin. Using the same 

template the gene for the recombinant EGFP β2 with truncation of five amino acid 

residues (15 bp) from the C-terminus of the TM domain (egfpβ2tm-5b) (gene D), 
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was PCR amplified using primers A, B, C and EGFPTM-5B. The gene for the 

recombinant EGFP β2 with truncation of ten a.a. residues (30 bp) from the C-

terminus of the TM domain (egfpβ2tm-10b) (gene E) was the PCR amplification 

product of genes 1 and 5. Gene 5 was made by PCR amplification of ksiβ2 gene 

template with primers C and EGFPTM-10B.  

2.4. EXPRESSION OF GENES AND PURIFICATION OF PROTEINS. 

2.4.1. Expression of genes 

The resulting plasmids pBADHis–gene (A–E) were amplified in 

chemically competent (cc) E. coli bacteria strain DH5α cells, and purified using 

the Plasmid miniprep GeneJet purification kit (Fermentas Canada Inc, Burlington, 

ON) and expressed in a bacterial system. Expression was confirmed by growing 

transformed bacteria on ampicillin-containing lysogeny broth (LB) agar plates. 

Since pBAD vector has an ampicillin resistant gene, only cells that contain the 

plasmid will be able to grow on ampicillin-containing plates. 

2.4.2. Purification of proteins 

Following a mini-scale protein extraction using bacterial protein extraction 

reagent (B-PER); (PIERCE, Rockford, IL), a large scale protein purification using 

immobilized metal affinity chromatography (IMAC) with nickel-nitrilotriacetic 

acid (Ni-NTA) resins was performed. The expected amino acid sequence and 

molecular weight of the recombinant proteins expressed downstream from the 

poly-His tag gene of pBADHis vector were obtained (Table 2.3).  
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2.5. CHARACTERISATION OF PROTEINS 

2.5.1. Characterization of purified proteins by SDS-PAGE 

Purified proteins were characterized by sodium dodecyl sulfate 

polyacrylamide gel electrophoreses (SDS-PAGE) to confirm their molecular 

weights relative to known protein standards. A 12% denaturing-resolving SDS-

PAGE was used to characterize the proteins. Coomasie blue and fluor orange 

stains of the gels were imaged using a 302 nm UV transilluminator, (ImageQuant 

RT ECL; GE Healthcare Bioscience, Piscataway, NJ) (Figure 2.2). The gel 

images confirmed the purity of the proteins.  

 

 

Figure 2.2. Purification of the β2-TM proteins 

Purified proteins were loaded onto a 12% SDS-PAGE gel under reducing condition. The 

gel was stained with A: Coomassie blue and visualized under white light or B: stained 

with coomassie orange fluor and imaged at 302 nm and viewed using a 572 nm filter. 

Lane 1 is MW (kDa), lane 2 EGFP (28.5 kDa), lane 3 EGFPβ2TM+CD (34.5 kDa), lane 4 

EGFPβ2TM-CD (33.0 kDa), lane 5 EGFPβ2TM-5B (32.4 kDa) and lane 6 EGFPβ2TM-

10B (31.9 kDa). 
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2.5.2. CD Spectroscopy 

Circular dichroism (CD) is an analytical technique that reveals the 

secondary structures of proteins (17-19). A CD spectrum is affected by the 

presence of the three basic secondary structures of a protein: α-helix, β-sheet and 

random coil. CD spectra depend on several factors including concentration of the 

protein, buffer used and temperature (20-23). Generally observed values of molar 

ellipticity reported for α-helix, β-sheet and random coil are given in Table 2.1 (22, 

24-25). 

Secondary 

protein structure 
Transition 

Observed 

wavelengths (nm) 

Molar ellipticity 

(deg·cm
2
·dmol

-1
) 

α-helix 

π - π* 190 - 195 80,000 – 80,000 

n - π* 208 -40,000 ± 3,000 

n - π* 222 -40,000 ± 3,000 

β-sheet 
π - π* 195 - 200 30,000 – 50,000 

n - π* 215 - 220 -10,000 – -20,000 

Random coil 
π - π* 200 -20,000 

n - π* 220 n/a 

Table 2.1. Typical molar ellipticity values for protein secondary 

structure. 

Adapted from references 17, 26-28. 

 

We obtained CD spectra of the purified β2-TM proteins. EGFP is a 

predominantly β sheet protein with a characteristic minimum at 217 nm, and a 

corresponding molar ellipticity value of -13710 deg·cm
2·dmol

-1
 similar to 

literature values (24-25). This peak results from an electronic transition from n – 

π* for β-sheet structures. There is also a conspicuous maximum around 196 nm 
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with a molar ellipticity value of 38570 deg·cm
2
·dmol

-1
 as a result of a π – π* 

electronic transition. The CD spectrum of 5 µM of EGFP is shown on Figure 2.3. 

The CD Spectrum for EGFPβ2TM+CD shows a maximum at 195 nm with 

a molar ellipticity of 71290 deg·cm
2
·dmol

-1
 corresponding to the π – π* electronic 

transition of the β-sheet. There are the characteristic α-helix minima at 210 nm (-

58490 deg·cm
2
·dmol

-1
) and 218 nm (-56280 deg·cm

2
·dmol

-1
). Figure 2.3 shows 

the spectrum for 4.5 µM EGFPβ2TM+CD protein (17, 26-28). EGFPβ2TM-CD 

protein with the short cytoplasmic tail completely removed shows a conspicuous 

α-helical peak with very intense minima at 217 nm (-74460 deg·cm
2
·dmol

-1
) and 

211 nm (-70180 deg·cm
2
·dmol

-1
) corresponding to electronic transitions between 

n – π*. There is also a maximum at 195 nm (126370 deg·cm
2
·dmol

-1
) for the β-

sheet. Figure 2.3 shows the CD spectrum of EGFPβ2TM-CD obtained using 4.75 

µM of the protein solution. As the β2 TM begins to be truncated, we observed a 

decrease in the helical property of the corresponding proteins. EGFPβ2TM-5B 

though still very α-helical, shows a decrease in the maxima for the β-sheet at 195 

nm to 92030 deg·cm
2
·dmol

-1
 compared to that of EGFPβ2TM-CD and both 

minima at 211 nm (- 61560 deg·cm
2
·dmol

-1
) and 217 nm (-60040 deg·cm

2
·dmol

-

1
). Figure 2.3 shows the obtained spectrum with 5.26 µM of the EGFPβ2TM-5B 

protein. 

This same trend is observed too with the truncation of ten amino acid 

residues from the C-terminus of the TM domain. The protein EGFPβ2TM-10B 

shows a maximum corresponding to a β-sheet at 195 nm with a molar ellipticity 
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of 60180 deg·cm
2
·dmol

-1
. The corresponding α-helix minima equally appears at 

211 nm (-37030 deg·cm
2
·dmol

-1
) and 217 nm (-38850 deg·cm

2
·dmol

-1
). Figure 

2.3 shows the spectrum for the EGFPβ2TM-10B protein with a concentration of 

4.8 µM. These CD data are consistent with the presence of α-helical structure due 

to fusion of the β2 TM protein to the primarily β-sheet EGFP protein. 

 

Figure 2.3: CD spectra of EGFP and fusion proteins.  

CD spectra of purified EGFP and the β2-TM proteins were obtained. EGFP (5 µM) is 

predominantly β-sheet containing protein. EGFPβ2TM-CD (4.75 µM) has the most 

helical structure followed by its truncated variant; EGFPβ2TM-5B (5.26 µM). 

EGFPβ2TM+CD (4.5 µM) is next followed lastly by EGFPβ2TM-10B (4.8 µM). The 

reduced helicity of EGFPβ2TM+CD may be due to the presence of the short cytoplasmic 

tail attached. EGFP shows a minimum between 215 – 220 nm. The attached β2 integrin 

TM  introduce α-helix character as observed in the minima at about 211 and 217 nm. All 

proteins were in a solution of 100 mM NaCl, 50 mM NaH2PO4 and 0.05% elugent at 25 

ºC. 
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2.5.3. Fluorescence and absorbance measurements of β2-TM proteins 

The absorbance of proteins at 280 nm can be used to determine the relative 

abundance of the three amino acids tryptophan, tyrosine and cysteine that mainly 

absorb at this wavelength. The peptide backbone of the protein also has an 

absorbance at 205 nm. The absorbance spectra obtained for the five proteins using 

the SpectraMax M2e spectrophotometer (Molecular Devices, Sunnyvale, CA) 

with an absorption scan from 200 – 600 nm were as follows: EGFP, three peaks at 

280, 390 and 475 nm; while all the β2-TM proteins had two peaks at 280 and 390 

nm.  

Since the proteins all have EGFP as an N-terminal protein, the 

chromophore in EGFP can be excited at 480 nm (29-30). Thus, using a fixed 

emission wavelength of 510 nm, an excitation scan from 300 – 500 nm was 

performed. This scan showed three excitation maxima for all proteins at 471 nm, 

485 nm and 495 nm. When an emission scan was performed at a fixed excitation 

of 475 nm we observed a single emission maximum at 508 nm. The fluorescence 

measurements were done on the QuantaMaster Model QM-4/2005 

Spectrofluorometer (Photon Technology International, Birmingham, NJ). EGFP 

emits light at about 509 nm (30-31). The quantum yeild of the four chimeric 

proteins was slightly reduced compared to that of EGFP. Table 2.2 and Figure A2 

(appendix) shows the fluorescence spectra of all the proteins. 
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protein λmax (Abs) (nm) λmax (Exc) at λ510 

(Emm) (nm) 

λmax (Emm) at  

λ475 (Exc) (nm) 

EGFP 280, 390, 475 471, 485, 495 508 

EGFPβ2TM+CD 280, 390 471, 485, 495 508 

EGFPβ2TM-CD 280, 390 471, 485, 495 508 

EGFPβ2TM-5B 280, 390 471, 485, 495 508 

EGFPβ2TM-10B 280, 390 471, 485, 495 508 

 

Table 2.2: Summary of the absorption, excitation and emission 

maxima of EGFP and the β2-TM proteins  

An absorption scan from 200 – 600 nm was performed on proteins while an excitation 

scan from 300 – 500 nm was done with a fixed emission of 510 nm. For the emission 

spectra, we used a fixed excitation of 475 nm. All proteins were at a concentration of 2.0 

µM. See figure A2 in appendix. 

 

2.5.4. Mass Spectrometry 

Mass spectrometry has been widely applied in the determination of the 

molecular weight, structure, and modification patterns of carbohydrates on 

proteins. Matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF MS) was used to confirm the molecular weights of 

the purified proteins while liquid chromatography mass spectroscopy tandem (LC 

MS/MS) technique was used to confirm the a.a. sequence after trypsin digest of 

proteins. The results are summarized on Table 2.3. The sequences of all five 

proteins were confirmed with sequence coverage of between 44-66%. 
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protein 

designation 

expected Molecular 

weight (dalton) 

MALDI weight 

(Da) 

expected sequence of amino acid LC MS/MS (Coverage area of expected a.a. in 

bold and underlined) 

EGFP  

(276 a.a.) 

31100.8 31195 MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY  VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYK 

MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV  

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYK (Sequence Coverage of 66% 

with P<0.05) 

 

EGFP β2 

TM+CD  

(330 a.a.) 

36560.2 36651 MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIVLI  GILLLVIWKA LIHLSDLREY 

MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIVLI GILLLVIWKA LIHLSDLREY 

(Sequence Coverage of 44% with 

P<0.05)  

 

 



64 

 

EGFP β2 TM-

CD (318 a.a.) 

35120.5 35212 MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIVLI  GILLLVIW 

 

MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIVLI GILLLVIW 

(Sequence coverage of 58% with 

P<0.05) 

 

EGFP β2 TM-

5B (313 a.a.) 

34495.7 34588 MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIVLI  GIL 

 

MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIVLI GIL 

(Sequence coverage of 44% with 

P<0.05) 
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EGFP β2 TM-

10B (308 a.a.) 

33986.0 34190 MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIV 

 

MGGSHHHHHH GMASMTGGQQ MGRDLYDDDD 

KDRWGSEMVS KGEELFTGVV PILVELDGDV 

NGHKFSVSGE GEGDATYGKL TLKFICTTGK 

LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 

FFKSAMPEGY VQERTIFFKD DGNYKTRAEV 

KFEGDTLVNR IELKGIDFKE DGNILGHKLE 

YNYNSHNVYI MADKQKNGIK VNFKIRHNIE 

DGSVQLADHY QQNTPIGDGP VLLPDNHYLS 

TQSALSKDPN EKRDHMVLLE FVTAAGITLG 

MDELYKGSTG STGSTESRES VAGPNIAAIV 

GGTVAGIV 

(Sequence Coverage of 60% with 

P<0.05) 

 

Table 2.3: Summary of the molecular weights and expected amino acid sequences of purified recombinant 

proteins. 

From the gene sequence of the recombinant proteins, the following amino acid sequence and respective molecular weights of the proteins is 

predicted (ExPASy Proteomics Server). Using the Mascot server, the sequence identity coverage was determined following trypsin on-gel 

digestion. All proteins had individual ion scores > 7 indicating an identity of extensive homology (P<0.05). These results are present on the 

Mascot server under Job ID 2864 to 2869. The percentage coverage ranges from 43% for EGFPβ2TM+CD to 66% for EGFP proteins. MALDI 

values with ± 100 mass units are indicative of the molecular weights of the proteins. 

 

http://ca.expasy.org/
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2.6. BINDING ASSAYS 

Michejda and co-workers showed that small synthetic peptides which 

mimic sections of transmembrane proteins could inhibit the function of GPCR and 

the ABC transporters in vivo on cell membranes by disrupting their proper 

assembly (10, 32). Thus, the recombinant proteins were tested for their binding 

ability to Jurkat cells. These cells express the LFA-1 molecule on their surface 

(10). If proteins bind with the membrane, we will be able to detect labeled cells by 

the technique of flow cytometry (FC) using a flow cytometer that uses laser 

excitation of the the EGFP chromophore. We set out to determine the affinity of 

the TM proteinsfor cells relative to EGFP. 

2.6.1. Binding of EGFP protein to Jurkat ells (clone E6.1)  

As a control experiment, we tested the binding of the EGFP protein to 

Jurkat cells and detected cells with green fluorescence. Cells were harvested at 

mid-log phase and incubated with different amounts of the EGFP protein. The 

cells were then analysed for fluorescence by gating them using a flow cytometer 

(FC) whose parameters had been adjusted to show the number of fluorescent cells 

from a total cell population of 5,000 events. A histogram is obtained from the 

fluorescence channel showing the population of labelled cell. To quantify binding, 

we fit the data to two different equations in order to obtain the binding constant 

(Kd) and the 50% saturation concentration (EC50). Fitting the data into a ligand 

binding one-site competition plot of log of protein concentration against 

percentage of labelled cells shown on Figure 2.4 A1 we obtained a very high EC50 
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value of > 100 µM while fitting the concentration (transformed) against the 

response (percentage labelled) into the ligand – binding, one-site saturation gave 

us a Bmax of 73 ± 32% with a Kd > 100 µM (Figure 2.4 A2). EC50 in this case is 

defined as the concentration of the protein (agonist) that is required to give 50 % 

response. The upper plateau for EGFP could not be established as it was well 

above 250 µg/mL. The high Kd value indicates that EGFP binds only weakly to 

cells, and it does not reach saturation even at high protein concentration. Bmax is 

the maximum percentage of cells labelled at saturation concentration of protein. 

Kd is the equilibrium dissociation constant of the protein. The histogram obtained 

from treating the cells with 40 µg/mL of EGFP protein overlaid on the control 

cells is shown on Figure 2.5 B. Table A1 (appendix) shows the raw data obtained 

from EGFP labelling.   

2.6.2. Binding of EGFPβ2TM+CD protein to Jurkat cells 

Jurkat cells were treated with concentrations of the EGFPβ2TM+CD 

protein over the same range used for EGFP alone. Table A2 (appendix) shows the 

raw data obtained from the FC experiments with three runs per sample; while 

Figure 2.5 C shows the overlaid histogram at 40 µg/mL protein treatment; and 

Figures 2.4 B1 and B2 shows the binding curves obtained as semi-log and linear 

plots, respectively. The EC50 from the one-site ligand competitive curve is 750 ± 

30 nM while the one-site ligand saturation binding plot gave a Bmax of 100 ± 6% 

with a Kd of 480 ± 90 nM. The Kd value for EGFPβ2TM+CD suggest that the 

protein is binding to the membrane and causing labelling of the cells. 
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2.6.3. Binding of EGFPβ2TM-CD protein to Jurkat cells 

The FC data obtained is shown on Table A3 (appendix) while the overlaid 

histogram obtained from labeling with 40 µg/mL of protein is shown on Figure 

2.5 D. The binding curve (Figure 2.4 C1 and C2) gave an EC50 of 1,460 ± 40 nM 

and fitting the data to the one-site specific binding equation we obtained a Bmax of 

44 ± 4% with a Kd of 420 ± 120 nM. This Kd value also indicates the protein 

binds with high affinity to the cells compared to EGFP. 

2.6.4. Binding of EGFPβ2TM-5B protein to Jurkat cells 

The FC experiment resulted in the data shown on Table A4 (appendix). 

The corresponding overlaid histogram obtained from treating the cells with 40 

µg/mL of protein is shown on Figure 2.5 E. The binding curves on Figure 2.4 D1 

and D2 show an EC50 value of 790 ± 50 nM fitting the data to the one-site specific 

binding equation we obtained a Bmax of 44 ± 4% with a Kd value of 280 ± 80 nM 

was obtained. This protein as indicated by its Kd binds to cells with a much higher 

affinity compared to the other β2-TM proteins.  

2.6.5. Binding of EGFPβ2TM-10B protein to Jurkat cells 

The same concentrations of EGFPβ2TM-10B protein was incubated with 

Jurkat cells and sorted for labelled cells. The data obtained are presented on Table 

A5 (appendix) while the overlaid histogram obtained from treatment of the cells 

with 40 µg/mL protein is shown on Figure 2.5 F. The plot of log of protein 

concentration against percent of labeled cells shown on Figure 2.4 E1 gave an 
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EC50 of 490 ± 40 nM while Figure 2.4 E2 on the one-site saturation equation 

resulted in a Bmax value of 80 ± 5 % with a corresponding Kd of 440 ± 80 nM . 

The data obtained suggests that the fusion of the β2-TM protein to the 

EGFP has a substantial influence on the binding of the protein to the cells. This is 

evident with the greater than 200-fold increase in binding achieved with the 

recombinant proteins. Table 2.6 summarizes the values obtained. 

protein EC50 values (nM) Bmax (%) Kd (nM) 

EGFP > 100 µM 73 ± 32 > 100 µM 

EGFPβ2TM+CD 750 ± 350 100 ± 6.19 480 ± 90 

EGFPβ2TM-CD 1,460 ± 40 44.05 ± 4.0 420 ± 120 

EGFPβ2TM-5B 790 ± 50 44.45 ± 3.8 280 ± 80 

EGFPβ2TM-10B 490 ± 40 80.4 ± 4.5 440 ± 80 

 

Table 2.4: Fit values for EGFPβ2TM protein binding to cells. 

The EC50 values were obtained by substituting % labelled cells, as determined by FC, 

data into the one-site ligand binding competition equation, Y=Bottom + (Top-

Bottom)/(1+10^((LogEC50-X))),  while Bmax and Kd values were both obtained from the 

one-site ligand binding saturation equation, Y = Bmax*X/(Kd + X). 
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Figure 2.4: One-site competitive ligand binding and saturation curves for the β2-TM recombinant proteins. 

Binding of β2-TM proteins to Jurkat cells was determined by FC.  A1: The competitive ligand-binding curve for EGFP with R
2
 value of 0.99. A2: 

EGFP Saturation curve with R
2
 of 0.89 B1: Competitive binding curves for EGFPβ2TM+CD protein with R

2
 value is 0.96. B2: The saturation 

curve for EGFPβ2TM+CD with R
2
 of 0.95. C1: The competitive ligand-binding curve for EGFPβ2TM-CD with R

2
 value of 0.95. C2: The 

saturation curve for EGFPβ2TM-CD with a calculated R
2
 of 0.87. D1: The competitive ligand-binding curve for EGFPβ2TM-5B protein with R

2
 

value of 0.92. D2: Saturation curve for EGFPβ2TM-5B protein with R
2
 value of 0.87. E1: The competitive ligand-binding curve for EGFPβ2TM-

10B protein with R
2
 value of 0.96. E2: Saturation curve for EGFPβ2TM-10B with R

2
 is 0.96. The number of replicates is four (n=4) and errors are 

represented by SD and some error bars may be obscured by the symbols.  
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Figure 2.5: Overlaid histograms showing binding of recombinant proteins to Jurkat cells following treatment. 

A: Fluorescence of control cells (untreated) as seen in the FL1 channel. B: Cells treated with 40 µg/mL of EGFP protein observed in the FL1 

channel. C: 40 µg/mL of EGFPβ2TM+CD protein treated cells under the FL1 channel. D: Cells labelled by binding to 40 µg/mL of EGFPβ2TM-

CD protein and seen under the FL1 channel. E: 40 µg/mL EGFPβ2TM-5B protein treated cells and seen under the FL1 channel. F: Binding of cells 

to 40 µg/mL of EGFPβ2TM-10B protein seen under the FL1 channel. Excitation wavelength is 488 nm while emission in the FL1 channel is at a 

BP525 filter. Black is untreated cells while white is treated cells 



72 

 

2.7. FLUORESCENCE MICROSCOPY 

Labelled cells were fixed and mounted on microscope slides for 

fluorescence imaging. The images (Figure 2.6) were taken using a 60X oil 

immersion objective either with DIC or epi-fluorescence imaging. Epi-

fluorescence was done at an excitation of 488 nm using an argon laser source and 

viewed through a 525 nm filter. Images doesn‟t clearly indicate if proteins are 

being inserting into the membrane, binding, or just forming aggregates on the 

membrane. Also some of the protein may be incorporated into endosomes and 

internalized. 

 

Figure 2.6: Microscopy images of cells treated with EGFP and 

EGFPβ2TM+CD proteins. 

A is an epi-fluorescence image of EGFPβ2TM+CD protein treated cells viewed under the 

60X oil immersion objective. B is an epi-fluorescent image of EGFP protein treated cells 

viewed with the 60X oil immersion objective. F is another epi-fluorescence image 

obtained from EGFPβ2TM+CD protein treated cells viewed under the 60X oil immersion 

objective. A shows some association of the protein with the membrane while C is 

probably internalization of the proteins resulting to possible endosomes formation in the 

cell. 
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2.8. DISCUSSION 

We have shown that recombinantly expressed proteins label Jurkat cells in 

vitro by binding to the cells in a similar way synthetic peptides mimicking TM 

protein exhibit their function in disrupting membrane receptors. We made four 

variants of a fluorescent protein having an N-terminal EGFP linked via a 9-mer to 

a β2 integrin TM domain. The lengths of the proteins were shortened by truncation 

of the C- terminal end of the β2 integrin. These proteins were shown to have 

remarkable affinity for Jurkat cells as low as 300 nM. Structural characterization 

of the peptides using CD spectroscopy confirmed the presence of an α-helical β2-

TM protein fused to the β-sheeted EGFP protein. We used FC to analyze the 

percentage of cells that were labelled with these peptides. Fluorescence 

microscopy supports that the proteins may associate to the cell membrane. Our 

data do not exclude the possibility that the protein bind to cells as aggregates. We 

computed the Kd values for each protein and found that EGFPβ2TM-5B had the 

highest binding affinity for the cells with a Kd value of 280 ± 80 nM. The protein 

that bound with least affinity was EGFPβ2TM+CD (Kd of 480 ± 90 nM). 

EGFPβ2TM-CD had a Kd of 420 ± 120 nM while EGFPβ2TM-10B had a Kd of 

440 ± 80 nM. Compared to EGFP (Kd value > 100 µM) we can conclude that the 

recombinant proteins have a nanomolar affinity for Jurkat cells, with as much as 

370-fold enhancement from EGFP alone. 

Four variants of a fluorescent protein that targets β2 integrin (CD18) TM 

domain were made by recombinantly expressing the genes in LMG194 and 
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DH10B E. coli bacteria strains. Table 2.5 shows the resulting proteins and their 

corresponding Kd values. The characteristic GXXXG-like motif which forms the 

framework for folding of the helical TM domain is present as GTVAG (33-34).  

TM domains have a high tendency of forming homodimers through these 

GXXXG and SXXXS motifs (34-40). By their small size, glycine residues have 

the tendency to come closer allowing two TM helices to come together. The three 

variable a.a. residues (XXX) improve specificity by the formation of binding 

ridges or clefts. The lengths of the peptides (excluding the EGFP) and the type of 

a.a. residues are a key factor to their insertion into the lipid membrane. These are 

also attributed to their secondary structures shown by their corresponding CD 

spectrum. A short peptide of 24 a.a. residues corresponding to TM 2 of CXCR4 

has been shown to have a high effect on signal transduction by disruption of the 

receptor (10). A peptide antagonist with a length of 15 a.a. residues has equally 

been show to have an inhibitory effect by disruption of the ABC TM assembly of 

P-gp (32). Thus the lengths of the interfering peptides would have a tremendous 

effect on their binding and insertion ability into the membrane.  
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Table 2.5: Summary of the recombinant proteins and their 

corresponding Kd values for Jurkat 

Proteins varied in length from 23 a.a. to 45 a.a. which are attached to the C–terminus of 

EGFP via a 9-mer. The characteristic GXXXG like motifs are indicated in bold. EGFP 

denoted the protein.  

 

The proposed mechanism of binding and insertion of membrane peptides 

involves three steps which takes into account the two stage model of membrane 

folding and oligomerization (41-43). Firstly, the protein binds to the cell in a fully 

soluble membrane conformation. The protein then moves on the fluid mosiac 

membrane, orienting itself into a conformation that favors membrane insertion. It 

Protein Sequence Kd values 

(nM) 

Fold 

over 

EGFP 

EGFP EGFP > 100 µM 1 

EGFPβ2TM+CD EGFP-

GSTGSTGSTESRESVAGPN

IAAIVGGTVAGIVLIGILL

LVIWKALIHLSDLREY 

480 ± 90 220 

EGFPβ2TM-CD EGFP- 

GSTGSTGSTESRESVAGPN

IAAIVGGTVAGIVLIGILL

LVIW 

420 ± 120 250 

EGFPβ2TM-5B EGFP- 

GSTGSTGSTESRESVAGPN

IAAIVGGTVAGIVLIGIL 

280 ± 80 370 

EGFPβ2TM-10B EGFP- 

GSTGSTGSTESRESVAGPN

IAAIVGGTVAGIVL 

440 ± 80 240 
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then insert into the membrane and adopts the desired conformation for associating 

with either the lipid bilayer or other TM proteins in the membrane bilayer (36-38). 

Polar and ionisable a.a. residues including D-amino acids are important in 

enhancing membrane solubility of peptides (44-47). TM helices expose their non-

polar residues to the surrounding medium (48-49). Our peptides have a significant 

number of such residues including Ser, Arg, Glu, and Thr which could affect 

binding. 

Insertion of the protein in the membrane involves a spontaneous 

orientation of the TM segment (made up primarily of hydrophobic and non-polar 

a.a.) favoring the formation of helix-helix association. The hydrophobicity of the 

TM segment is required for the TM conformation (50). Apart from 

EGFPβ2TM+CD which have a Lys residue, the peptides are completely free of 

Asp and Pro which have been shown to hinder peptide insertion, though can be 

tolerated when present near the center of the domain (51-52). A measure of the 

propensity of residues to form helical structures are in the order Ile > Leu > Val > 

Met > Phe > Ala > Gln > Try > Thr > Ser > Asn > Gly > Pro (53). Val, Ile and 

Gly are considered as α–helix destabilizing residues in soluble proteins where 

Leu, Ala are major contributors to helicity (49-50, 54-59).  

Binding of EGFP to Jurkat cells resulted in a non-saturated curve when 

fitted to the one-site specific binding equation with a Kd >100 µM. The 

corresponding EC50 value obtained from a fit to the one-site competition binding 

equation gives > 100 µM. Comparing these values with those obtained from the 
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treatment of the cells with the recombinant peptides, we observe more than 200-

fold decreases in the Kd and EC50 values. The Kd of the EGFPβ2TM-5B protein is 

the lowest at 280 ± 80 nM. EGFPβ2TM+CD has the highest Kd (480 ± 90 nM) 

while EGFPβ2TM-CD and EGFPβ2TM-10B have respective Kd values of 420 ± 

120 nM and 440 ± 80 nM. These data suggest that the length of a TM helix 

segment is important in binding to the membrane bilayer. The presence of the 

GXXXG motif is essential for helix formation and the GXXXG motif should be 

flanked by some residues as seen by the drastic increase in Kd value for 

EGFPβ2TM-10B which has just three a.a. residues after the GXXXG. The short 

cytoplasmic domain attached to the EGFPβ2TM+CD protein containing polar 

amino acid residues as well as the length of the protein may be accounted for the 

high Kd relative to the other recombinant peptides.  

2.9. CONCLUSION 

Recombinant proteins bearing a C-terminal hydrophobic peptide can bind 

to cells in a similar manner as synthetic hydrophobic TM peptides interfere with 

receptor function by disrupting TM-TM association. The length of the 

recombinant protein (attached hydrophobic domain) may have a role in 

facilitating insertion into the membrane. Furthermore, anionic residues are 

important for the binding and insertion process. In this chapter, we have shown 

that our recombinant proteins can bind with nanomolar affinity to Jurkat cells and 

cause labelling of the cells. In Chapter 3, we will report on the influence of these 
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peptides on the function of our target LFA-1 receptor. We will show the effect of 

these peptides on the binding of LFA-1 to specific mAb epitopes.  

2.10. MATERIALS AND METHODS 

2.10.1. Materials 

The following restriction enzymes were obtained from their respective 

vendors: EcoRI (Invitrogen), XhoI (Invitrogen), BamHI (Fermentas), NdeI 

(Fermentas), dNTP-deoxynucleotide triophosphates (Invitrogen) Taq DNA 

Polymerase (Invitrogen), T4 DNA ligase (Invitrogen), Pfu Ultra II fusion HS 

DNA polymerase (Stratagene).The cell lines used were Sub-cloning efficiency 

DH5α competent cells (Invitrogen), E. coli SURE cells (Stratagene), E. coli BL21 

DE3 (Novagen), E. coli pLysS DE3 (Novagen), E. coli LMG194 (Sigma) E. coli 

JM109 (Stratagene), E. coli XL1Blue (Stratagene). Vectors used, pET28a vector 

(Novagen) and pBAD vector (Invitrogen). Protein purification B-PER, bacterial 

Protein Extraction Reagent (PIERCE), kanamycin (Sigma), Ampicillin (Sigma), 

Chloramphenicol (Sigma), Tetracycline (Sigma), IPTG- isopropyl-β-D-

thiogalactopyranoside (Fisher Scientific), L-Arabinose (Sigma) GuHCl-

Guanidinium HCl (Calbiochem), SDS-sodium dodecylsulphate (BioRad), Urea 

(Caledan), TX100 (VWR International), β-OG, n-octyl-β-D-glucopyranoside 

(Calbiochem), CHAPS (Sigma-Aldrich),  Ultra pure agarose (Invitrogen), Normal 

2% agarose (Invitrogen), SYBR Safe DNA gel stain in DMSO (Invitrogen), Gene 

Ruler 1 kb DNA ladder (Fermentas), Gene ruler 100 bp DNA ladder (Fermentas), 

Nuclease free water (Gibco), Complete EDTA free protease inhibitor tablets 
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(Roche Diagnostics), DNaseI (Boehringer Mannhem), lysozyme from chicken 

egg white (Sigma), β-mercarptoethanol (Bioshops Biotechnology), 

DTT,Dithiothreitol (Fisher Biotech), Imidazole (Sigma-Aldrich), Fermentas 

Genejet Plasmid miniprep kit, Qiagen QIAquick PCR purification kit. Other 

reagents used were purchased from Invitrogen, Sigma or Fisher Scientific. 

2.10.2. Experimental Methods 

2.10.2.1. PCR amplification and introduction of genes into plasmid 

2.10.2.1.1. Amplification of the Ksiβ2 gene 

The gene Ksiβ2 (543 bp) was codon optimized for E. coli, synthesized and 

ligated between the NdeI and BamHI RE sites of the PUC 57 plasmid (2710 bp) 

(BioBasic, Canada), Figure 2.6 below. The bacterial protein ketosteroid isomerase 

(Ksi) was linked to the β2 integrin via a 7-mer (GGGGSDP) with the introduction 

of an Aspartate – Proline (DP) site for acid cleavage to release the β2 integrin (60-

61). The outline for the gene sequence is shown on Figure 2.6 below. This was 

provided as a 4 µg lyophilized gene. A stock solution of 500 ng/µL was made by 

adding 8 µL sterile water. 2 μg (4 μL) of the product was then digested to give 

approximately 0.4 μg of the Ksiβ2 (20%). Digestion was performed using 

Fermentas double digest with NdeI and BamHI REs and incubating overnight at 

37 °C.As a control pET28a (110 ng/μL) was digested with similar enzymes and 

incubated overnight at 37°C. This was subsequently used for expressing the KSIβ2 

protein. 
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Following overnight digestion, a 1% agarose gel was run to separate gene 

of interest from the plasmid. Gene purification was done using QIAquick Gel 

Extraction kit protocol using a microcentrifuge (Qiagen) as per manufacturer`s 

instruction.  The concentration of purified ksiβ2 was 7.7 ng/μL. 

2.10.2.1.2. Recombinant PCR 

All genes were amplified using the technique of recombinant PCR. The 

strategy uses two outer primers, A and D; and two inner primers B and C. Primers 

A and B are used to amplified a gene template (egfp) to make gene product 1, 

while primers C and D amplify a gene template (ksiβ2), to make gene product 2. 

The general principle for the PCR is depicted below in Figure 2.7. Table 2.6 

shows the primer names and sequence of all primers used in making all the fusion 

genes while Table 2.7 shows the targeted regions of the proteins.  
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Figure 2.6: Codon optimized sequence and expected amino acid 

sequence of the ksiβ2 gene 

The gene for the bacteria ketosteriod isomerise protein was synthesized upstream the 

gene for the TM domain of β2 integrin containing a short cytoplasmic tail. Ksi is linked to 

β2 integrin TM via a DP sequence to serve as a site for mild acid cleavage. In bold is the 

sequence for the desired protein while within the oval rectangle is the sequence for the 

DP containing linker. * denotes a stop codon. 
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Figure 2.7: Steps involve in polymerase chain reaction for the 

amplification of gene fragments  

PCR can be use to amplify a small amount of DNA. Here the technique of PCR is utilized 

in amplifying two gene templates using primers which bind to the gene sequences. The 

amplified templates are then ligated together using primers which overlap in their 

sequence. Adapted and modified from Dr. SA Marcus written protocol for PCR. 
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Primers  Sequence Description  

A 5'-GTT TAT CTC GAG CAT GGT GAG CAA GGG 

CGA GGA G-3' 

 

Sense strand  for N-terminal end of EGFP protein 

containing a restriction enzyme site for Xho I 

(underlined) 

B 5’-GCA ACA GAT TCA CGG CTT TCA GTC GAA 

CCA GTC GAA CCA GTC GAA CCC TTG TAC AGC 

TCG TCC ATG C-3’ 

Reverse compliment of primer C for amplifying the 

end of EGFP-linker ESRES of the β2 integrin. 

C 5’-GCA TGG ACG AGC TGT ACA AGG GTT CGA 

CTG GTT CGA CTG GTT CGA CTG AAA GCC GTG 

AAT CTG TTG C-3’ 

Amplifying the EGFP-linker-ESRES of β2 integrin 

D 5'-ATT AAT GAA TTC TTA GTA TTC ACG CAG 

GTC AG-3' 

 

Reverse primer D for the sense strand end of β2 

integrin with an EcoRI restriction enzyme site 

(underlined). 

EGFPTM-CD 5’-ATT AAT GAA TTC TTT CCA GAT CAC CAG 

CAG-3’ 

For the sense strand of the β2 integrin without the 

cytoplasmic end. It has an EcoRI restriction enzyme 

site underlined. 

EGFPTM-5B 5’-ATT AAT GAA TTC TAC GAT GCC CGC AAC–

3’ 

For the sense strand of the β2 integrin with truncation 

of 5 a.a. residues from the C-terminal end of the TM 

domain with an EcoRI restriction enzyme site 

(underlined) 

EGFPTM-10B 5`-ATT AAT GAA TTC GGC CGC GAT GTT TGG-

3` 

 

For the sense strand of the β2 integrin with truncation 

of 10 a.a. residues from the C-terminal end of the TM 

domain with an EcoRI restriction enzyme site 

(underlined 

Table 2.6. A description of primers used for PCR reactions. All primers were synthesized by Integrated DNA 

Technology. 

Primers were synthesized by the IDT and provided in microgram concentrations. 
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Primer Target section of recombinant 

protein. 

DNA and amino acid sequences of targeted section of protein. 

Primer A Sense strand for N-terminal of 

the EGFP protein. 

  S   S   S   M   V   S   K   G   E   E 

AGC TCG AGC ATG GTG AGC AAG GGC GAG GAG 

Primers B and 

C 

End of EGFP – linker – ESRES 

of β2 integrin 

   M   D   E   L   Y   K   G   S   T   G   S   T   G        

GCATG GAC GAG CTG TAC AAG GGT TCG ACT GGT TCG ACT GGT  

 S   T   E   S   R   E   S   V    

TCG ACT GAA AGC CGT GAA TCT GTT GC 

Primer D Sense strand end of β2 integrin 

end for the EGFPβ2TM+CD 

protein. 

 W   K   A   L   I   H   L   S   D   L   R   E   Y        

TGG AAA GCT CTG ATT CAC CTG TCT GAC CTG CGT GAA TAC 

Primer 

EGFPTM-CD 

For the sense strand end of the 

β2 integrin end for the 

EGFPβ2TM-CD protein 

 L   L   V   I   W   K 

CTG CTG GTG ATC TGG AAA 

Primer 

EGFPTM-5B 

For the sense strand end of the 

β2 integrin end for the 

EGFPβ2TM-5B protein 

 V   A    G   I   V 

GTT GCG GGC ATC GTA 

Primer 

EGFPTM-10B 

For the sense strand end of the 

β2 integrin end for the 

EGFPβ2TM-10B protein 

 P   N   I   A   A 

CCA AAC ATC GCG GCC 

 

Table 2.7. Target regions of primers used in PCR amplifications. 

Primers were used with either EGFP or KSIβ2 genes as template for the PCR amplification of the recombinant genes. 
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To make a recombinant PCR fusion of egfpβ2tm+cd we used four different 

primers designated EGFPβ2 A to D synthesized by Integrated DNA technologies 

(Toronto, ON). egfpβ2tm-cd was made using primer EGFPTM-CD (acts as primer 

D). Gene product 4 for synthesizing egfpβ2tm-5B was amplified using primers C 

and EGFPTM-5B (as primer D). Finally, gene product 5 for synthesis of 

egfpβ2tm-10b was made using primers C in addition to primer EGFPTM-10B. All 

PCR reactions were done using standard PCR protocol. All concentrations were 

measured using NanoDrop Spectrophotometer ND 1000 (NanoDrop 

Technologies, Inc. Wilmington, DE USA). Store all DNA at – 20 ºC for future 

use. The resulting gene products have XhoI and EcoRI restriction sites at the 5‟ 

and 3‟ ends respectively.  

2.10.2.1.3. pBAD-His plasmid transformation with PCR products 

Following manufacturer‟s protocol (Invitrogen) a double digestion mix 

was set up for a total of 8 h for both the plasmid and the PCR products. React 2 is 

suitable with Xho I but EcoR I is compatible with React 3 instead. Thus we added 

the required amount of 1 M NaCl for a final 100 mM before proceeding with 

EcoR I digestion for 4 h. Following digestion, a 1% analytical agarose gel was run 

and using QIAquick gel extraction kit, we excised and purify the correct gene 

bands. Also, the pBAD-His vector was extracted from the gel using the same 

QIAquick extraction kit. To check for the correctness of the DNA sequence of the 

purified plasmid, DNA sequencing was done using different primers that can 

target the different sections of the plasmid DNA for use in sequencing. 
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We used RecAI (5‟-ATGCCATAGCATTTTTATCC-3‟) and RecBI (5‟-

GATTTAATCTGTATCAGG-3‟) primers for both the forward and reverse 

strands respectively for sequencing pBAD. Since the reversed strand was not well 

sequenced, we also used a primer DBZ28 (5`-ATGGTCCTGCTGGAGTTCCTG-

3`) in addition to the EGFPβ2D primer for the sequencing. 

Sequencing was performed using BigDye Premix with all reactions being 

set up on ice using standard procedure. Use the program BDSEQ on the Techne 

PCR machine. Precipitation of the sequencing product was done using for BigDye 

premix following standard protocol. Air dry or dry briefly (2-5 m) in a vacuum 

centrifuge and submit samples for sequencing. Sequencing was done using the 

Genetic Analyzer 3730 (Applied Biosystems) with BigDye Terminator V 3.1 at 

the Molecular Biology Service Unit (MBSU) at the department of Biological 

Sciences, University of Alberta. Sequencing results confirmed the presence of 

PCR gene product in the plasmid following ligation using T4 DNA ligase 

(Invitrogen) as per manufacturer‟s protocol with an insert (I) to vector (V) ratio of 

3:1. The DNA was amplified by transforming DH5α cc cells and then growing a 

single colony in 5 mL LB ampicillin broth overnight and purifying the plasmid 

using Fermentas miniprep purification kit for double stranded DNA. 

Transformation of E. coli cells with amplified plasmid DNA was by 

electroporation (BioRad‟s GenePulser). The pBADHis- EGFPβ2TM+CD plasmid 

was introduced into E. coli LMG194 cells while all other plasmids were 

introduced into E. coli DH10B cells for expression of the proteins.   
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2.10.2.2. Protein expression 

The conditions used for large-scale expression of the different proteins 

varied with the different E. coli cell strain used. For the EGFPβ2TM+CD protein 

using the LMG194 cells, we used a low salt LB broth. LMG194 cells containing 

pBADHis-egfpβ2tm+cd construct were grown overnight while shaking at 225 rpm 

in a 2 mL LB amp broth. A litre of low salt LB ampicillin (containing 50 μg/mL 

amp, 10 g tryptone, 5 g yeast extract, and 5 g NaCl) broth for the culture of the 

cells was made in a 4 L baffle flask. The 2 mL of overnight culture (OD600 ~ 2.0) 

was transferred to the 4 L baffle flask containing the medium. Then flask was 

incubated at 37 °C while shaking at 225 rpm until OD600 ~ 0.60. 1 mL of 20% of 

L-arabinose was then added to a final concentration of 0.02%. Growth of cell 

culture was continued at 37 °C while shaking at 225 rpm for 4 h. Cells were 

harvested by spinning in JA10 rotor at 8000 rpm for 30 m. Pellet was weighed 

and stored at – 20 °C. 

For protein expression in DH10B cells, we used a normal salt containing 

LB ampicillin broth (containing 50 μg/mL amp, 10 g tryptone, 5 g yeast extract, 

and 10 g NaCl). Grow a single colony in 2 mL of LB medium overnight at 37 ºC 

while shaking at 225 rpm. The OD600 should be between 1 and 2. Then the 

overnight culture was transferred to a 4 L baffle flask containing 1 L of LB 

ampicillin medium. This culture was grown at 37 ºC while shaking until OD600 ~ 

0.6. 1 mL of 20% L-arabinose (final concentration of 0.02%) was added and the 

incubator‟s temperature lowered to 20 ºC. Growth of culture was continued for 6 



88 

 

– 8 h. Cells were harvested by centrifuging in a JA10 rotor at 8000 rpm for 30 m 

at 4 ºC. Supernatant was discarded and pellet weighed out and stored at – 20 ºC if 

protein extraction was not done immediately. 

2.10.2.3. Protein purification  

Purification was done under native conditions with the following buffers; 

lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole , 0.2% TX-100 

(can be substituted with 0.2% elugent) pH 8.0) wash buffer (50 mM NaH2PO4, 

300 mM NaCl, 20 mM imidazole, pH 8.0) elution buffer (50 mM NaH2PO4, 300 

mM NaCl, 250 mM imidazole, pH 8.0). Cell pellet was re-suspended in 50 mL of 

lysis buffer. A tablet of complete EDTA-free protease inhibitor and 50 μL of 5 

mg/mL DNaseI were added and mixed well until cells were completely re-

suspended. Lyses of cells was performed using Constant Cell disrupter (Low 

March, Daventry, Northants) at 24 kPsi in just one cycle. The cell lysate was 

spinned at 18,000 rpm in JA20 tubes for 30 min at 4 °C. Supernatant was 

decanted and stored at 4 °C. Both pellet and supernatant were fluoresced under 

UV at 510 nm. 

Purification was performed using an immobilized metal affinity 

chromatography with nickel nitrilotriacetic acid (Ni-NTA) as a bead (QIAGEN). 

The recombinant proteins all have an N-terminal poly-histidine tag which readily 

chelate with the two free sites of the Ni ions in the Ni-NTA agarose column. Thus 

using a BioRad 10 mL column, 2.5 mL of the Ni-NTA agarose bead was loaded 

and allowed to settle at room temperature. The column was washed for 30 m with 
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the wash buffer at a flow rate of 1 mL/m followed by the passage of the clarified 

lysate at a rate of 0.5 mL/m to maximize binding of the protein to the column. 

After the flow through was collected, the wash buffer was still passed over the 

column at the same rate of 0.5 mL/m. Then the protein was eluted with the elution 

buffer and fractions collected in 1.5 mL tubes. To completely elute protein from 

the column, 0.1% elugent was added to the elution buffer and the concentration of 

imidazole was raised up to 500 mM. Tubes containing large amount of the protein 

were seen to fluoresce without the use of UV but much protein could be seen 

stocked on the column (as the column appeared green).  The use of elugent was 

subsequently adopted as the proteins were to be used on human Jurkat cells. 

The overall yield per litre of bacterial cultures was about 3.2 mg/mL for 

all recombinant protein whereas the yield for EGFP protein was about 6 mg/mL. 

Purified proteins were stored for long-term usage in 20 - 50% glycerol at -20 ºC. 

Before use, proteins are dialyzed in a buffer (containing 0.05% elugent, 100 mM 

NaCl, 50 mM NaH2PO4) for 4 h at 4 ºC in a 10,000 MWCO Slide-A-lyzer dialysis 

cassette. 

2.10.2.4. Protein characterization 

2.10.2.4.1. SDS PAGE 

Denaturing SDS PAGE was used to characterize the purified proteins for 

confirmation of molecular weight. The stacking gel was 4% while the resolving 

gel was either 15% or 12%. Following protein purification, 2X SDS PAGE 

sample buffer was added to a small amount of the protein. Protein samples were 
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boiled on a heat block for 5 min at 95 ºC and placed on ice. Gels were loaded with 

10 µL of the boiled protein sample and let run at a voltage of 150 V (BioRad 

minigel electrophoresis chamber, Hercules, CA). Gel was stopped after blue front 

of sample buffer was at the base of the gel, removed and washed with DI water 

and stained with either coomasie blue or coomasie fluor orange. Destaining was 

done using a destain solution and gel was imaged using the ImageQuant RT ECL 

(GE Healthcare Bioscience, Baie d‟Urfe, QC) with either white light 

chemiluminescence (coomasie blue) or UV at an excitation of 302 nm and 

observing with the 557 nm emission filter. 

2.10.2.4.2. CD spectroscopy 

Protein solutions were dialyzed in a 100 mM NaCl, 50 mM NaH2PO4 and 

0.05% elugent solution for 4 h at 4 ºC until protein started losing its solubility by 

forming insoluble protein. The solution was spinned down to completely separate 

the insoluble fraction from the soluble suspension. The soluble fraction is filtered 

using a 0.22 µm filter (Millipore) and using a 2 mm path length quartz cuvette, 

150 µL of the protein solution was added and run using the ConvCD Olis 

Spectrometer (Quantum Northwest, Inc., Liberty Lake, WA). The scans (repeated 

scans of five) were collected with a monochromator excitation scan of 195 – 260 

nm (far IR) with a fixed emission of 400 nm. The bandwidth was set at 2 nm and 

the samples were run at 25 ºC. Analysis was performed using the 

OlisGlobalworks software. 
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2.10.2.4.3. Mass spectrometry 

We used MALDI-TOF for protein samples. All protein samples were 

dialyzed in a buffer containing reduced amounts of salt (50 mM NaCl, 25 mM 

NaH2PO4) using a 10 kDa MWCO dialysis cassette for 5-8 h at 4 ºC. Lyophilize 

all protein samples before proceeding with MALDI-TOF analysis. Make a 1 

µg/µL protein concentration using different ratios of organic and inorganic 

solvents depending on the solubility of the protein. We used 50% 

acetonitril/methanol in 0.1% formic acid. The matrix used is sinapinic acid (SA) 

which is made of two different layers. In layer 1; we used a final 10 mg/mL SA in 

a solution of 4:1 acetone/methanol. Layer 2 is made from 10 mg/mL SA in a 1:1 

acetonitrile/0.1% trifluoroacetic acid (TFA). Note that the second layer should 

have lesser organic solvent to prevent dissolution of the first layer. Wash the 

MALDI plate with organic solvent and clean starting and finishing with acetone. 

The SA layer solutions can be stored for up to a month at –20 ºC. Put a drop of 

layer on the plate and let dry. Then add layer 2 and let dry. Put your sample on the 

layer and allow to air dry too. Run the samples on the AB Sciex Voyager Elite 

MALDI instrument (AB Sciex, Foster city, CA, USA). 

Liquid chromatography mass spectroscopy (ES LC MS/MS) was 

performed on the protein following an in-gel digestion as follows. Cast SDS gels 

and run immediately. Then excise gel bands and proceed with in-gel digestion 

otherwise store gel bands at – 80 ºC if digestion is not to be done immediately. 

For digestion, thaw gel bands at ambient temperature and wash with distilled 
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water for 10 min. Cover bands with acetonitrile (ACN), vortex for 20 s and let 

shrink (or till it turn white). Vacuum dry the band in a speed-vacuum for 10 – 30 

min until dry. Then cover bands with 4.5 mM dithiothreitol (DTT) in 0.1 M 

NH4HCO3 and leave at 50 ºC for 30 min. then add iodoacetamide to a final 

concentration of 9 mM, vortex and let stand for 30 min in dark. Replace solution 

from gel with ACN and dehydrate as above (shrink and dry). Then cover gel 

bands with 5-10 ng/µL modified trypsin in 0.1 M NH4HCO3 and digest overnight 

at 30 ºC. Extract peptides from gel by three changes of 50% ACN in 0.2% TFA 

with 20 min of vortexing between each turn. Run samples on the Waters 

(micromass) Q-TOF Premier instrument (Waters, Milford, MA, USA). 

2.10.2.5. Cell culture 

Jurkat cells (clone E6.1) was obtained from ATCC (ATCC Number: TIB-

15) as a frozen suspension. These cells are from Homo sapiens (humans) T 

lymphocytes from patient with acute T cell leukemia. T lymphocytes express T 

cell antigen receptors including LFA-1molecules, ICAM 1 and CD3 among other 

receptors and antigens. Jurkat clone E6.1 is a derivative of the Jurkat cell line that 

expresses high amounts of interleukin 2 (IL-2). Culturing of the Jurkat cells is 

done under sterile conditions using ATCC RPMI 1640 medium supplemented 

with 10% fetal bovine serum (FBS). 1% penicillin/streptomycin antibiotics is also 

added to prevent the growth of bacteria. The cells are cultured in a T-75 culture 

flask inside a 95% air, 5% CO2 and 37 ºC incubator. Sub culturing is performed 

following manufacturer‟s protocol. Cells are grown to a density of 1x10
6
 to 3x10

6
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cells/mL which corresponds to cells in the late log phase. The culture is 

maintained by added fresh medium to small volume of the cells (depending on the 

density) Adding 9 mL of fresh medium to 1 mL of cells in their late log phase was 

found to keep the cells viable. Medium was change every 2-3 days depending on 

the number of cells seeded. Cultures can also be maintained by centrifuging at 

1200 rpm for 2 m, followed by washing and re-suspension in fresh medium. The 

number of cells re-suspended depends on the density at the beginning preceding 

the wash steps.  

2.10.2.5.1. Cell preparation for binding assays 

Harvest cells (mid-late log phase) by spinning down in a 15 mL sterile 

tube for 2 m at 1200 rpm. Spinning at lower speeds for a few more minutes 

equally maintains the morphology of the cells. Wash cells two times using PBSSB 

buffer (1X PBS containing 1% BSA and 0.1% NaN3 pH 7.2 - 7.4) Re-suspend 

cells in same buffer and put in 37 ºC incubator if cells are not used immediately. 

Count the number of cells and aliquot in sterile 1.5 mL eppendorf tubes in the 

BioSafety cabinet. Add proteins to cells to the desired final concentration as 

needed. 

2.10.2.5.2. Binding assay 

The binding of the recombinant proteins to human Jurkat cells clone E6.1 

was done by incubating the various proteins with the cells followed by analysis 

with a flow cytometer. Washed cells were re-suspended in PBSSB buffer (1.5-2.0 

x 10
6
 cells/mL) and incubated with various concentrations of the recombinant 
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proteins. Protein stock solutions were dialyzed into a solution containing 100 mM 

NaCl, 50 mM Na2HPO4 and 0.05% elugent for 4 h at 4 ºC. This solution had both 

the soluble and insoluble protein in it except for the EGFP that is still completely 

soluble in the solution. The protein solutions were then centrifuged to pellet the 

insoluble form of the protein while the protein solution (containing soluble 

protein) was then used for the binding assays.  

Total concentrations of the protein added to cells were as follows: 0, 2, 4, 

6, 8, 10, 20, 30, 40, 50, 100, and 200 µg/mL. The same protein concentrations 

were used for all five proteins samples. Following addition of the protein, slightly 

vortex the tubes for protein to mix and place tubes horizontally on a flat surface. 

Total volume (of cells plus proteins) used in these experiments was 250 µL in a 

1.5 mL tube. Incubate cells for 1 h at 37 ºC in a 95% air, 5% CO2 incubator. After 

1 hr of incubation, spin down tubes at 1200 rpm for 4 m and discard supernatant 

by carefully aspirating making sure the cell pellet stay intact. Then wash the cells 

with two volumes (500 µL) of PBSSB and re-suspend cells in same PBSSB. Fix 

the cells with one volume of 0.25% paraformaldehyde (PFA) on ice for 30 m. 

Wash cells again with two volumes of PBSSB buffer and re-suspend in same 

buffer (100 µL). Then add 20 µL of the fixed cells unto a 96 well plate containing 

200 µL PBSSB/well and re-suspend by pipetting up and down. The samples are 

now ready for flow cytometry (FC) using the Beckman Coulter Cell Lab Quanta 

Flow cytometer (Brea, CA, USA). 
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2.10.2.5.3. Flow cytometry 

Place a 96 welled plate containing samples on the plate holder. Select the 

program „NGE- Cairo Lab‟, select the wells containing the samples and run. This 

program has been set to analyse cells that show high fluorescence and low 

fluorescence (62-63). The FL1 window is set to show the fluorescence (GFP) 

against electronic volume (EV) of the cells. With the following settings; Gain of 

1.69, side scattering (SS) of 3.90, flow rate of 39.0 µL/m, the photon multiplier 

tube (PMT) voltage of the FL1 set at 6.13, we are able to distinguished clearly the 

labeled from unlabelled cells. The number of fluorescent cells is analyzed from a 

total of 5000 cells that the machine is set to count. Cells were gated (Region 1) 

from the region of the cell population with a mean cell diameter of about 10 µm. 

From this population of cells, green fluorescence cells are sorted into region 2 

which appears on the FL1 channel. The cytometer uses an argon laser source at 

488 nm to excite the EGFP chromophore and emission is observed at 525 nm. 

2.10.2.5.4. Analysis of FC data 

The percentage of fluorescence is proportional to the mean fluorescence 

intensity of the sorted cells. Three runs were performed for each cell treatment 

(n=3) and the mean percentage of fluorescent cells calculated. Since the cell 

population followed a binomial distribution with mean cell diameter of 10 µm 

(seen on the EV vs SS plot) we computer the error for each sample runs using 

standard deviation of the mean (SD).  The data obtained from all protein were 

analysed to determine the EC50, Bmax and Kd of each peptide. By fitting the data to 
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a standard EC50 curve (eq. 1) we could obtain the respective EC50 values (Plot of 

log of protein concentration against % of labeled cells). 

F = BOTTOM+TOP-BOTTOM/(1 + 10^(X-LogEC50)) Equation 2.1 

Similarly, fitting the data to a standard single-site binding model (eq.2) we 

obtained the Bmax and Kd values of all proteins by plotting protein concentration 

against % of labeled cells. 

Y = Bmax*X/(Kd + X)                        Equation 2.2 

 All analysis was performed using the GraphPad software, Prism (GraphPad 

Software Inc, La Jolla, CA). The overlaid histogram analyses were done using the 

Beckman Coulter flow cytometry analysis software, Kaluza V 1.1. 

2.10.2.6. Fluorescence microscopy 

Prepare cells as above for flow cytometry and incubate with the required 

final protein concentration for 1 h at 37 ºC. Wash cells following protein 

treatment two times with two volumes of PBSSB buffer at pH 7.2. Re-suspend 

cells in same buffer and place 10 µL on a 1.5 mm microscope slide. Cover slides 

with a 1.5 inch slide cover and let dry. Mount on microscope and observe under a 

60X oil immersion objective at room temperature. Use the diascopic and epi-

fluorescence light source for image collection. Using the EPI light, we used the 

GFP BP filter to observe for fluorescent cells.  All images was done using the 

Nikon Eclipse Ti fluorescent microscope (Nikon Instruments, Melville, NY, 

USA) 
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CHAPTER THREE 

EFFECTS OF Β2 TM CONSTRUCTS AND GLYCOSIDASES 

ON LFA-1 EPITOPES4,5,6,7,8 
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3.1. INTRODUCTION 

The function of receptors can be influenced by molecules that either 

activate or inhibit specific pathways through which these receptors function. The 

function of LFA-1 receptors on T lymphocytes is well known to be modulated by 

small molecules, kinases, metal ions and others (1, 2). As such, some compounds 

or molecules can either inhibit or activate the receptor resulting to either a 

decrease or an increase in their binding ability to monoclonal antibody (mAb) that 

target specific epitopes on this receptor. In this chapter we explore the effects of 

recombinant β2 TM proteins on the binding properties of LFA-1 via mAbs that 

bind specific epitopes on the receptor.  

Our initial approach in testing the biological significance of our 

recombinant proteins had been to do an adhesion assay with Jurkat cells or other 

LFA-1 expressing cell lines. We were unable to obtain reproducible results with a 

functional adhesion assay using ICAM-1 and LFA-1 to evaluate the change in 

adhesion of the Jurkat cells to fluosphere beads conjugated with these proteins. 

Thus we resulted in utilising mAbs directed against epitopes on either the αL or β2 

integrins. We utilized the T cell activation epitopes: MEM48, MEM148 against 

the β2 integrin and the TS1/22 inhibitory epitope against the αL integrin. The 

OKT3 mAb is a murine Ab that belongs to the IgG2a Ig isotype and specifically 

targets the ε- chain of the CD3 receptor on mature T cells (3). OKT3 has been 

used for treatment of renal graft rejections, and for the treatment of acute rejection 

in liver and heart transplant recipients (4-6). The CD18 activating Ab MEM48 is a 
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monoclonal Ab that specifically recognises an epitope consisting of residues 534-

546 cystein rich repeats on CD18 antigen (7).   

Another CD18 antibody we utilized in the study is MEM148 which is also 

an activation-dependent antibody that binds an inaccessible epitope on intact β2 

integrin on resting leukocytes (8-10). This epitope is exposed on the activated 

leukocyte having the high-affinity state of LFA-1 molecule or on un-associated β2 

integrin (8). To study the effect of our recombinant peptides on LFA-1, we 

utilized other antibodies specific for the CD11a integrin. TS1/22 is an inhibitory 

mAb that specifically binds to an epitope on the I-domain of CD11a causing 

inhibition of T cell chemotaxis in response to interleukin-2 and lymphocyte 

chemotactic factor (LCF) and suppresses T cell migration via human umbilical 

vein endothelia cell (HUVEC) monolayer (11). TS1/22 is a competitive inhibitor 

of ICAM-1 that binds to the same epitope. We used the anti- CD11a antibody, 

TS2/4 as a positive control antibody which binds to the β-propeller of CD11a 

integrin (12-14). 

  The change in binding of these mAb was monitored through FC for cells 

that were bound to 1 µm red or yellow-green fluosphere beads labelled with the 

mAb. Fluospheres are fluorescent probes which serve as sensitive tools for 

obtaining functional and structural information on a number of cellular and 

functional processes. Due to their high sensitivity, they can be use for receptor 

tracking on cell surfaces especially as such receptors are usually expressed in very 

small concentrations. They can thus be used for flow cytometry and fluorescent 
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microscopy experiments with instruments having the appropriate lasers for 

detecting the beads.  

Very little is known about the role of glycosylation on LFA-1. Previous 

work by Asada and coworkers on the glycosylation of LFA-1 has predicted that 

there are 12 sites for N-linked glycosylationon the αL chain and 6 sites on the β2 

chain (47). Since our group is interested in understanding the role of glycosylation 

on LFA-1 and we have access to the protein, we decided to study the effect of 

glycosidases on LFA-1. The function of carbohydrates on LFA-1 receptor was 

investigated through the use of glycosidases including mammalian neuraminadase 

(MBP-NEU3 and GST-NEU4), bacterial neuraminidase (NEUX), two 

endoglycosidases: Endo Hf and PNGase F. Lastly we investigated the effect of the 

interfering proteins made on the adhesiveness of LFA-1 receptor through their 

effects on the binding of the different mAbs. 

Our hypothesis is that the recombinant proteins can insert into membranes 

and cause receptor disruption. If this model is correct, we expect to observe a 

change in the binding of MEM48 or MEM148 labelled beads to their respective 

epitopes since these epitopes are activating and accessible only on the high 

affinity form of LFA-1 or isolated form of the β2 integrin.  Cells were first 

incubated with the β2 TM proteins followed by washing to remove unbound 

proteins. The cells were then treated with fluosphere beads labelled with the 

different mAbs. Following incubation of the cells with the labelled beads, the 

cells were washed to remove unbound beads, resuspended and sorted for 
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fluorescently labelled cells. This experiment makes use of red fluosphere beads as 

the β2 TM proteins all contain a green fluorescent protein. Therefore we used the 

red fluorophore of the beads to detect mAb binding separately from EGFP. A 

change in binding of the cells to mAb labelled beads can be followed by plotting 

green vs red fluorescence and tracking the shift in cell population. 

We used pIgG (from fetal bovine serum) as a control Ab, OKT3 mAb 

(human) as a TCR mAb. To target β2 (CD18) integrin, we used MEM48, a mAb 

against human CD18 which is an activating epitope. MEM148 mAb is also used 

to target CD18 integrin, another activating epitope. TS1/22 inhibitory mAb 

against LFA-1 (against CD11a integrin) was used along side with the TS2/4 mAb 

that targets intact LFA-1 receptor. The use of phorbol 12-myristate 13-acetate 

(PMA), cytochalasin D (cyto D) and TS2/4 mAb to either inhibit (cyto D, TS2/4) 

or activate (PMA) the LFA-1 was also investigated. 

 3.2. EFFECTS OF ACTIVATORS AND INHIBITORS ON LFA-1 

BINDING EPITOPES 

The use of phorbol esters has been widely applied in stimulating 

lymphocytes. The exact mechanism of LFA-1 activation via phorbol esters is 

through protein kinase-c (PKC) activation (15). Phorbol esters such as phorbol-

12-myristate-13-acetate (PMA) have been shown to activate LFA-1 by forming 

clusters through cross linking of receptors (16-18). This clustering does not result 

in an increase in expression of the LFA-1 molecules on T-cells but probably leads 

to an increase in the number of high affinity forms of the receptor (16).  
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To inhibit LFA-1 adhesion, cytochalasin D (cyto D), a cell-permeable 

fungal mycotoxin which acts by binding to actin filaments, was used (19). Its 

binding leads to disruption of actin filaments and inhibition of actin 

polymerization. In effect, it inhibits polymerization and depolymerisation of actin 

sub-units. We treated cells with a total of 5 µg/mL cyto D for 30 min before 

labelling cells for an additional one hour with fluosphere beads containing 

different mAb. Cyto D inhibit LFA-1 binding in a similar way as cyto B has been 

shown to inhibit LFA-1 (+) T cells (18). Lastly LFA-1 receptors were pre-blocked 

using soluble TS2/4 mAb that recognises and binds to the intact LFA-1 receptor 

on cell surfaces.  

3.2.1. Effects of PMA on LFA-1 epitopes 

The effect of treating Jurkat cells clone E6.1 with 100 ng/mL of PMA was 

investigated by measuring their ability to bind to fluosphere beads conjugated 

with different mAbs recognising different epitopes on the LFA-1 receptor. Table 

A6 shows the data obtained while Tables A7 and A8 shows the respective 

normalized data to buffer condition and pIgG beads (see appendix). Figure 3.1 

shows bar graph plots obtained when all treatment are normalized to the buffer 

condition (as control). By normalizing the data set to the labelling under the 

buffer condition, we observed an increase in binding to the MEM48 and MEM148 

epitopes associated with PMA treatment. There was a greater than 100% (two-

fold) increase in binding of the cells to MEM48 and MEM148-conjugated beads. 

This suggests an increase in the number of high affinity forms of LFA-1 as these 
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epitopes are all activation dependent. Beads conjugated with TS1/22 (4%) and 

TS2/4 (- 6%) did not have a significant binding change since the epitopes for 

these mAbs are not activation.  

3.2.2. Effect of cytochalasin D on LFA-1 epitopes 

The buffer normalized data shows a decrease in binding of mAb to the 

cells when treated with cyto D. We observed a 65% decrease in binding of LFA-1 

to OKT3-conjugated beads while a reduction of about 33% and 32% was seen 

with MEM48 and MEM148 conjugated beads respectively. There was a 41% 

reduction in the binding ability of LFA-1 to TS1/22-conjugated beads while a 

very small reduction of 7% for TS2/4 conjugated beads. Cyto D thus has an 

inhibitory effect on the LFA-1 receptors both on its β2 and αL integrins and on a 

TCR. This is probably due to their direct disruption of actin filaments and 

inhibition of actin polymerization.  

3.2.3. Effects of soluble TS2/4 mAb blocking on LFA-1 epitopes 

The buffer normalized data shows a reduction in the binding of OKT3-

conjugated beads by 77% when cells are treated with TS2/4 mAb. A decrease in 

binding of 14% was observed for MEM48-conjugated beads while almost no 

change (1%) was observed with MEM148-conjugated beads. There was a 

corresponding 9% reduction in binding to the TS1/22-conjugated beads and a 

drastic reduction of 80% to TS2/4-conjugated beads, indicating that the mAb was 

effectively blocking binding. The reduction in binding seen with OKT3 may be 

attributed to the fact that soluble TS2/4 mAb recognises a similar epitope on TCR 
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which OKT3 too binds too. The reduction is similar to observed reduction in the 

case of TS2/4-conjugated beads implying a strong binding of soluble TS2/4. In 

the case of MEM48-conjugated beads, the slight reduction may be due to an 

overlap of the TS2/4 binding epitope with that of MEM48 on the β2 integrin. 

Since no change was observed with MEM148-conjugated beads, it suggests that 

the two epitopes are completely separated. TS1/22 epitopes may overlap with 

TS2/4 or completely separate too from the observed 9% reduction with TS1/22-

conjugated beads. 
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Figure 3.1: mAb epitopes on Jurkat cells under treatments with 

agonist and antagonists. 

FC data for YG beads conjugated to mAbs was normalized to buffer treatment for each 

antibody. MEM48 and MEM148-conjugated beads binding following treatment with 

PMA is consistent with literature in which PMA has been shown to induce activation of 

LFA-1 receptors (17).  
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3.3. EFFECTS OF GLYCOSIDASES ON LFA-1 BINDING EPITOPES 

Glycosidases are hydrolytic enzymes that cleave glycans from 

glycoproteins and glycolipids (20-22). Glycosidases will cleave carbohydrate 

residues on protein or lipid thereby modifying their functions. Approximately 

50% of mammalian proteins are either co-translationally or post-translationally 

modified with carbohydrates either through O-link (involving the hydroxyl groups 

of Ser and Thre or carboxyl groups of Glu and Asp) or N-linked (involving amine 

groups of Asn, Gln, Lys, Arg and His) (48). We used human fusion 

neuraminadases (MBP-NEU3 and GST-NEU4) (44), the Clostridium perfringens 

bacterial neuraminidase (NEUX), Streptomyces plicatus bacterial 

endoglycosidases, Endo-β-N-acetylglucosaminidase H (Endo Hf) and the 

Flavobacterium meningosepticum bacterial endoglycosidase, peptide-N
4
-(N-

acetyl-beta-D-glucosaminyl)-asparagine amidase (PNGase F) which are all 

enzymes that remove carbohydrate residues from high mannose, hybrid and/or 

complex oligosaccharides from N-linked glycoproteins (23, 24). The data 

obtained from treatment with neuraminidases is presented on Table A9 

(appendix). The normalized data to the buffer PBSSB pH 5.5 is shown on Table 

A10 (appendix) while the data normalized to the labelling with pIgG conjugated 

beads are shown on Figure A11 (See Appendix). Figure 3.2 show the bar charts 

obtained from the normalized data to the buffer condition. 
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3.3.1. Effects of NEU3 treatment on LFA-1 epitopes 

Treatment of Jurkat cells with NEU3 and subsequent labelling with 

fluosphere beads conjugated with mAb showed a general increase in binding 

compared to cells that were not treated.  There was an 86% increase in binding 

with OKT3-conjugated beads, a 15% increase with MEM48-conjugated beads, 

22% increase with MEM148 beads, 56% increase in case of TS1/22 and a 13% 

increase with TS2/4 beads. Treatment of cells with NEU3 therefore results in an 

increase in binding of the mAb-conjugated beads to their epitopes on LFA-1. 

3.3.2. Effects of NEU4 treatment on LFA-1 epitopes 

Results showed a general decrease in binding to mAb-conjugated beads 

compared to cells that were not treated.  There is a 14% decrease in binding with 

OKT3-conjugated beads, a 43% decrease with MEM48-conjugated beads, 33% 

decrease with MEM148-conjugated beads, 6% decrease in case of TS1/22-beads 

and a 2% increase with TS2/4-beads. In general, NEU4 causes a reduction in the 

binding of mAb-conjugated beads to their epitopes on LFA-1 receptor. 

3.3.3. Effects of bacterial NEUX treatment on LFA-1 epitopes 

Results showed a general increase in binding compared to cells that were 

not treated.  There was a 119% increase in binding with OKT3-conjugated beads, 

a 55% increase with MEM48-conjugated beads, 70% increase with MEM148-

conjugated beads, 26% increase in case of TS1/22 and an 8 % increase with TS2/4 

conjugated beads. Thus, bacterial neuraminidase enzyme greatly increased the 
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binding of mAb-conjuagated beads to their respective epitopes on LFA-1 

receptor.  

3.3.4. Effect of Endo Hf treatment on LFA-1 epitopes 

Results showed a general decrease in binding compared to cells that were 

not treated.  There was a 2% decrease in binding with OKT3-conjugated beads, a 

1% decrease with MEM48-conjugated beads, 13% decrease with MEM148-

conjugated beads, 36% decrease in case of TS1/22 and a 1 % increase with TS2/4 

conjugated beads. In effect Endo Hf have a very negligible effect on the epitopes 

on LFA-1 except for the MEM148 and TS1/22 where it had a inhibitory effect. 

3.3.5. Effects of PNGase F treatment on LFA-1 epitopes 

Treatment of Jurkat cells with bacterial PNGase F and subsequent 

labelling with fluosphere beads conjugated with mAb showed a general increase 

in binding compared to cells that were not treated.  There was a 53% increase in 

binding with OKT3-conjugated beads, a 15% increase with MEM48-conjugated 

beads, 25% increase with MEM148-conjugated beads, 16% increase in case of 

TS1/22 and no increase with TS2/4 conjugated beads. In effect PNGase F has a 

positive effect on the binding of LFA-1 epitopes to their mAb by increasing 

binding of these epitopes. 
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Figure 3.2: Binding of mAb to glycosidase-treated cells normalized to 

buffer condition 

Labelling of Jurkat cells with mAb conjugated fluospheres after glycosidase treatment. 

Data are plotted as the normalized change in labelled cells relative to buffer treatment. 

MBP-NEU3 and GST-NEU4 were used at a final concentration of 20 µg/mL while 

NEUX was used at 20 mU/mL. Endo Hf was used at 10000 U/mL final concentration 

while PNGase F was at 5000 U/mL.  
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3.4. EFFECTS OF INTERFERING PROTEINS ON LFA-1 BINDING 

EPITOPES 

 

Figure 3.3: Schematic representation of the in vitro protein binding 

and mAb conjugated fluosphere beads labeling. 

Proteins bind to cell membrane and disrupt LFA-1 receptor through the homomeric 

association of the β2 TM with WT TM. This leads to exposure of activating epitopes on 

the β2 integrin resulting to a change in binding of the mAb-conjugated fluospheres to their 

respective epitopes. 

 

We have seen from Chapter 2 that the recombinant fluorescently tagged 

proteins bind and may insert into the membrane of Jurkat cells. To test if these 

proteins interfere with the structure of the LFA-1 molecule on the surface of 

Jurkat cells, we pre-treated cells with the proteins followed by incubation with 

fluosphere beads containing mAbs against specific epitopes on LFA-1. If our 

hypothesis of the protein binding and inserting into the membrane followed by the 
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disruption of the LFA-1 receptor with the displacement of β2 integrin, we will 

expect a decrease in binding of LFA-1 mAb to the cells or an increase in binding 

to mAb beads that recognise β2 integrin when not intact. 1 µm red fluosphere 

beads were conjugated with the mAbs by adding soluble mAb to the beads and 

incubating at room temperature. 

The raw data from these experiments are shown on Table A12. Table A13 

shows the data with the background (No mAb) labelling subtracted (appendix 

section). Normalizing the data to EGFP treatment, we have the results presented 

on Table A14; while normalizing the data to pIgG binding data, we obtain the 

data on Table A15 (appendix). These results are plotted in Figures 3.4 for the 

EGFP treatment normalized data. 
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Figure 3.4: Flow cytometry analysis of β2 TM proteins effects on LFA-

1 epitopes normalized to EGFP condition 

Labelling of Jurkat cells with mAb-conjugated red fluosphere beads following treatment 

with β2 TM proteins. The data  is plotted as normalized change in labelled cells relative to 

EGFP treatment. All proteins were used at 20 µg/mL final concentrations. The 

concentrations of the mAb used in labelling the beads varied with 10 µg/mL final used 

for pIgG, OKT3 and TS2/4 Ab while 20 µg/mL was used for the MEM48, MEM148 and 

TS1/22 mAbs. The observed increase in binding is probably due to disruption of the 

LFA-1 receptor following insertion of the recombinant protein in the membrane.  
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3.4.1. Effect of proteins on OKT3 binding epitope 

The observed trend in binding of the cells to OKT3 mAb labelled beads 

was a decrease in binding except for the EGFPβ2TM-10B protein that showed a 

4% increase. There was a 7% decrease in binding from treating the cells with 

EGFPβ2TM+CD protein, a 1% decrease in the case of EGFPβ2TM-CD protein 

and 21% decrease with EGFPβ2TM-5B protein. Thus the β2 TM proteins have a 

slight effect on OKT3 epitopes by decreasing binding of the epitopes to OKT3-

conjugated beads. 

3.4.2. Effects of proteins on MEM48 binding epitope 

Binding to MEM48 epitope was disrupted with an observed decrease in 

binding following treatment with the β2 TM proteins. There was a 10% decrease 

in binding in the case of EGFPβ2TM+CD protein, a 42% decrease resulting from 

EGFPβ2TM-CD protein treatment, a corresponding 42% decrease in binding from 

EGFPβ2TM-5B protein and lastly a 9% decrease resulting from EGFPβ2TM-10B 

protein pre-incubation. Therefore, recombinant β2 TM proteins all had a 

remarkable effect on MEM48 epitopes by reducing the binding of MEM48-

conjugated beads to these epitopes. 

3.4.3. Effects of proteins on MEM148 binding epitope 

Binding to MEM148 epitope was enhanced with an observed increase in 

binding to MEM148-conjugated beads following treatment with the β2TM 

proteins. There was a 19% increase in binding in the case of EGFPβ2TM+CD 

protein, a 34% increase resulting from EGFPβ2TM-CD protein treatment, a 
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corresponding 13% increase in binding from EGFPβ2TM-5B protein and lastly a 

36% increase resulting from EGFPβ2TM-10B protein pre-incubation. In general, 

β2 TM proteins increased binding of MEM148-conjugated beads to their epitopes 

on LFA-1 following treatment with the proteins. 

3.4.4. Effects of proteins on TS1/22 binding epitope 

The trend observed with the TS1/22 epitope showed a general increase in 

binding to the TS1/22-conjugated beads following protein treatment with the 

exception of the EGFPβ2TM-5B protein treatment that resulted in a 15% decrease 

in binding of cells to TS1/22 labelled beads. EGFPβ2TM+CD protein enhanced 

binding by 41% while EGFPβ2TM-CD and EGFPβ2TM-10B proteins enhanced 

binding by 16% and 15% respectively. Thus treatment of the cells with 

recombinant proteins followed by incubation with TS1/22-conjugated beads 

increased binding to their epitopes. 

3.4.5. Effect of proteins on TS2/4 binding epitope 

Several proteins had little effect on TS2/4 mAb binding; while a slight 

decrease was observed with some other proteins. EGFPβ2TM-CD and 

EGFPβ2TM-5B proteins reduced the binding of TS2/4 beads by 3% and 10% 

respectively. On the other hand, EGFPβ2TM+CD and EGFPβ2TM-10B proteins 

did not affect the binding of TS2/4-conjugated beads to the cells. Thus, 

recombinant proteins had very little or no effect on the binding of TS2/4-

conjugated beads to their epitopes on LFA-1 receptor. 
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The cytometry images showing the population of cells gated, green 

fluorescent cells and those labelled with red beads are shown in the appendix 

section. A cell population with cell diameter from 7 µm – 15 µm was gated with 

population following a binomial distribution with a mean cell diameter of 12 µm. 

(Plot of EV against EV). The EV vs SS of the population gated is shown in 

Region 1. Region 2 in the FL1 channel is a representation of the cells that are 

labelled with the green fluorescent protein. Region 3 denotes cells labelled with 

red fluosphere beads in the FL2 channel while Region 4 represents cells labelled 

with the red fluospheres in the FL3 channel. The excitation wavelength of the 

laser used is 488 nm. Emission in the FL1 channel is at 525BP while FL2 and FL3 

are respectively at 575BP and 670BP. All excitation was with the 488 nm laser 

source of the cytometer. Figure 3.5 shows the 2D plots obtained from FL1 and 

FL2 plots showing the change in binding to the MEM148 and TS1/22 epitopes 

following treatment with recombinant proteins. 
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Table 3.1: Summary of the effects of PMA, cytochalasin D, glycosidases and recombinant β2TM proteins on the αL 

and β2 integrins of LFA-1 receptor. 

The table shows the expected and observed changes to the MEM48, MEM148, Ts1/22 and TS2/4 epitopes of LFA-1 following treatment with the 

different activator and inhibitor. „Inhibitory‟ implies a decrease in binding was observed which was significant while „Stimulatory‟ indicates an 

observed increase in binding. „Not significant‟ indicates a very negligible change while „No effect‟ implies nochange was observed. „Varied‟ is 

either a stimulatory or inhibitory effect base on the glycosidase used.  

 

 

 

Target 

integrin 

mAb targeted epitope Effect of  activator (PMA) 
Effects of inhibitor 

(Cyto D) 
Effect of glycosidases Effect of β2TM proteins 

Epitope Description 

Source 

of mAb 

and 

isotype 

of Ab 

Expected 

effect 

Observed 

effect 

Expected 

effect 

Observed 

effect 

Expected 

effect 

Observed 

effect 

Expected 

effect 

Observed 

effect 

β2 

MEM48 Activating 
Mouse 

IgG1 
Stimulatory Stimulatory Inhibitory Inhibitory 

Not 

applicable 
Stimulatory Stimulatory Inhibitory 

MEM148 Activating 
Mouse 

IgG1 
Stimulatory Stimulatory Inhibitory Inhibitory 

Not 

applicable 
Varied Stimulatory Stimulatory 

αL 

TS1/22 Inbibitory 
Mouse 

IgG1 
No effect 

Not 

significant 
Inhibitory Inhibitory 

Not 

applicable 
Varied Stimulatory Stimulatory 

TS2/4 

Immuno-

precipitates the 

CD11a/CD18 

complex 

Mouse 

IgG1 k 

isotype 

No effect 
Not 

significant 
No effect 

Not 

significant 

Not 

applicable 

Not 

significant 
No Effect No effect 
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Figure 3.5: Two dimensional plot showing the change in epitopes resulting from treatment of the cells with β2TM 

proteins. 

A1: Cells labelled with MEM148 conjugated beads (red). A2: Same cells treated with EGFP (green) prior to labelling with MEM148 conjugated 

beads (red). A3: Same cells treated with the EGFPβ2TM+CD protein (green) prior to labelling with MEM148 conjugated beads (red). B1: Cells 

labelled with TS1/22 conjugated beads (red). B2: Same cells treated with EGFP (green) prior to labelling with TS1/22 conjugated beads (red). B3: 

Same cells treated with the EGFPβ2TM+CD protein (green) prior to labeling with TS1/22 conjugated beads (red). (--) represents no labeled cells. 

(-+) indicates cells labeled with beads (red), (+-) for cells greenly labeled while (++) represents cells that are both green and red fluorescent. The 

cells were excited at 488nm and observed at 525 (FL1) and 625 (FL2) channels. 
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3.5. DISCUSSION 

The function of the LFA-1 receptor can be regulated by small molecule 

compounds that may activate or inhibit activity. Phorbol esters, such as PMA, 

have been shown to increase binding of mononuclear leukocytes following their 

incubation between minutes and 12 h when activation is complete (17, 25). PMA 

activates through PKC, leading to LFA-1 cross-linking of receptors and this does 

not affect the density of LFA-1 on the cell surface (16-18, 26). PMA does this by 

increasing the avidity of LFA-1 to ICAM-1 molecules (27, 28). Here we have 

shown the effect on the binding of LFA-1 to mAbs that bind specific epitopes on 

the receptor. We used two different mAb specific to the CD18 integrin, and 

showed that after treating cells with 100 ng/mL total concentration of PMA for 30 

min and then incubating cells with 1 µm fluospheres beads containing these 

mAbs, their binding was enhance almost two fold. 

Cyto D is an inhibitor of LFA-1 function by its action on actin units and 

sub-units (29). It inhibits polymerisation of actin filaments by promoting 

depolymerisation (19, 30-34). Cross-linking of receptors is facilitated by actin 

filaments in the cell membrane, thus inhibition of their formation would in turn 

inhibit the binding of LFA-1 molecule to their receptors (16, 28). We observed a 

30% decrease in the binding of LFA-1 to the mAb beads that binds to MEM48 

and MEM148 epitopes. While the inhibitory mAb, TS1/22 beads showed an 

almost 40% decrease in its binding to LFA-1.  

G 
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The role of glycosylation on the β1 integrin has been described, whereas 

very little is known about glycosylation on the β2 integrin (35, 36). Studies on the 

characterisation of glycoproteins are done using endoglycosidases and 

exoglycosidases (23). The pattern of glycosylation on integrins is important to 

their function and is mediated in the β1 integrin by TGF β1 which plays a key role 

in integrin β1 maturation (36). Alteration of the glycosylation pattern also affects 

the interaction of oligosaccharides with the integrin (35). Hypersialylation of β1 

integrin involving (beta-galactosamide α-2, 6) ST6Gal-I sialyltransferase I 

through the PKC/Ras/ERK has been attributed to the progress of different cancers 

including colon adenocarcinoma, and ovarian adenocarcinoma (37-41). 

Hyposialylation of β1- and desialylation of α5- integrins has been shown to 

increase their binding to fibronectin (42).  

Treatment of cells with the endoglycosidase Endo Hf led to a negligible 

decrease in binding in the case of OKT3, MEM48 and TS2/4 epitopes whereas 

there was an observed decreased in the case of MEM148 (18%) and TS1/22 

(41%) epitopes. PNGase F treatment on the other hand led to an increase in the 

binding of the various epitopes ranging from 15–53 % while TS2/4 binding 

showed no change in binding. Treatment with the mammalian sialidases; NEU3 

and NEU4 gave interesting results with NEU3 increasing binding while NEU4 

generally reduced binding. The bacterial neuraminadase (NEUX) equally caused 

an increased in the binding of LFA-1 epitopes to their respective mAb. NEU3 

probably cleaves similar to NEUX by hydrolyzing α(2→3), α(2→6), and α(2→8)-
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glycosidic linkages of terminal sialic residues (23, 24, 43, 44). Endo Hf equally 

decreased the binding of LFA-1 epitopes to their mAb. PNGase F which 

hydrolyzes all classes of Asn linked glycans leaving the free Asn residue also 

enhanced the binding of LFA-1 epitopes to their corresponding mAb beads. 

3.6. CONCLUSION 

The studies with LFA-1 agonist, PMA (100 ng/mL) on the MEM48 and 

MEM148 epitopes showed a greater than two fold increase in binding of the 

receptor to beads containing mAb against these epitopes. Cyto D at a 5 µg/mL 

final concentration has an inhibitory effect on LFA-1 epitopes, inhibiting binding 

of beads containing mAb by almost 25%. TS2/4 was used to block LFA-1 epitope 

(against TS2/4) but this epitope is located on a different site on the LFA-1 from 

the other epitopes studied. The effect of glycosidases on LFA-1 epitopes was 

intriguing, as treatment of cells with human MBP-NEU3, bacterial NEUX and 

PNGase F all resulted in an increase in binding to the different epitopes tested. 

Treatment with the human GST-NEU4 showed a decrease in binding when cells 

were incubated with beads containing mAb against different epitopes. There was 

little or no decrease in binding due to Endo Hf treatment.  

Lastly the use of the β2TM recombinant proteins to interfere with the 

epitopes on LFA-1 receptor was investigated. Following treatment of the cells 

with the proteins and incubating cells with mAb-conjugated beads we observed 

changes with the binding of the beads to their respective epitopes. Interestingly, 

we observed a general reduction in binding of the MEM48-conjugated beads to 
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their epitopes whereas there was an increase in binding to MEM148 epitope upon 

treatment with recombinant proteins. This suggests that, if the β2 TM proteins are 

binding to the cell, they may be causing disruption of the LFA-1 receptor in a way 

we hypothesized. This disruption would expose the MEM148 epitope present on 

un-associated LFA-1 leading to the increased binding to the MEM148-conjugated 

beads. This observation may also be explained by the fact that the β2 TM proteins 

bind to the cell and induce a conformational change to the LFA-1 receptor which 

either exposes (in the case of MEM148) or bury (in the case of MEM48) the 

epitopes on the β2 integrin. The decrease in binding seen with the MEM48-

conjugated beads following treatment with the β2 TM proteins may be resulting 

from disruption of the αLand β2 heterodimerization as β2 homodimers begin to 

form from the β2 TM proteins and the β2 integrin. This may block the epitope for 

MEM48 leading to the reduction in binding observed. This again is in line with 

our hypothesis. On the other hand, the slight increase in binding of the cells to the 

TS1/22-conjugated beads may be due to disruption of the LFA-1 receptor 

exposing the epitope on the αL integrin favouring binding of the TS1/22-

conjugated beads.   
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3.7. MATERIALS AND METHODS 

3.7.1. Materials 

The following monoclonal antibodies were purchased; MEM48 (Enzo Life 

Sciences), MEM148 (Enzo life Sciences) TS1/22 (Thermo Scientific), Polyclonal 

IgG (fetal bovine serum pIgG), TS2/4 (mouse), OKT3 (mouse) antibodies were 

made. The following glycosidases were obtained; Neuraminidase from 

Clostridium perfringens (C. welchi) (Sigma) EndoHf (New England BioLabs), 

PNGase F (New England BioLabs), Mammalian NEU3 was provided as MBP-

NEU3 while NEU4 was available as GST-NEU4. Dulbecco‟s Phosphate Buffered 

Saline (Gibco), NaCl (Caledon Laboratories chemicals), HEPES (Sigma) Boric 

acid (Fluka) EDTA (Sigma), NaN3 (Sigma) Dextran from Leuconostoc 

mesenteroides (Sigma-Aldrich) Albumin from bovine serum (Sigma), 

Paraformaldehyde (Sigma Aldrich) Polyethyleneglycol Bishpenol A 

Epichlorohydrin copolymer 15-20 KDa (Sigma) Phorbol myristate ester, 

Cytochalasin D , RPMI 1640 (Gibco) Penicillin/Streptomycin (Gibco), Fetal 

bovine serum (Gibco) Jurkat cells clone E6.1 was obtained from ATCC. One 

micron red and yellow-green FluorSpheres beads (Molecular Probe, Invitrogen). 

3.7.2. Methods 

3.7.2.1. Beads labelling with mAb 

Beads were labelled at room temperature. A stock solution of 1.25% beads 

in Borate buffer containing 0.1% NaN3 was made from the 2.5% beads solution 

from Molecular Probes. Store beads away from light at 4 ºC. Sonicate the 1.25% 
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stock for approximately 7 m in a water bath sonifier prior to use. For a final 

volume of 100 µL, add 10 µL of beads to a sterile 1.5 mL tube and add the 

calculated amount of borate buffer (100 mM Borate, 1 mM EDTA, 0.1% NaN3 

pH 8.5) and sonicate for 3 m. Then add the required amount of mAb to a final 

volume of 100 µL. Mix by vortexing immediately for 20 s. We used 10 µg/mL 

final concentrations of TS2/4, OKT3 and pIgG anti-bodies while TS1/22, MEM48 

and MEM148 mAbs were used at 20 µg/mL. This volume of beads can be scaled 

up as needed. Incubate the beads while rotating for 1 h at room temperature. Then 

spin down the beads at 14000 rpm for > 5 min and gently aspirate the supernatant 

using a vacuum. Then re-suspend the beads in 1000 µL of Block B buffer (Borate 

buffer containing 10 mM HEPES, 140 mM NaCl, 1 mM EDTA, 2% Dextran, 1% 

BSA, 0.1% v/v PEG compound, 0.1% NaN3 pH 8.5) and continue incubating for 

1 h while rotating. After this, spin down at 14000 rpm and was twice with PBSSB 

(1X PBS, 1% BSA, 0.1% NaN3 pH 7.2 - 7.4) before re-suspending in 100 µL of 

same PBSSB pH 7.2 - 7.4. Sonicate beads for 5 m prior to labelling cells. 

3.7.2.2. Cell culturing and labelling 

Jurkat cells clone E6.1 was cultured in RPMI 1640 enriched with 10% 

FBS and 1% penicillin/streptomycin. Cells were harvested at mid – late log phase 

with a cell density of 1.5x10
6
 cells/mL. Wash cells two times with PBSSB buffer 

and re-suspend in same buffer containing 0.1% DMSO. Aliquot 500 µL into a 1.5 

mL tube and add 50 µL of labelled beads (1:10 dilution of beads). Incubate cells 

with beads for 1 h at 37 ºC in a 95% air, 5% CO2 incubator. Spin down cells at 
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1200 rpm for 4 m and carefully aspirate supernatant using a vacuum. At this 

speed, most unbound beads remain in suspension while cells form pellet. Wash 

cells with two volumes (1 mL) of PBSSB and fix with half volume (250 µL) of 

pre-chilled 0.25% PFA on ice for 30 m. Wash cells after fixing with two volumes 

of PBSSB and re-suspend in PBSSB for plating. Add 20 µL of re-suspended cells 

unto 200 µL of PBSSB in wells of a 96 well plate and re-suspend by pipetting up 

and down. Place plate in place holder on the Beckman Coulter Cell Lab Quanta 

SC cytometer and run using the programs „Cairo Lab - NGE YG beads labelling‟ 

for the YG beads and/or „Cairo lab- NGE Red beads labelling‟ in the case of red 

beads. 

3.7.2.3. Activator/Inhibitor treatment and cell labelling with mAb against 

different LFA-1 epitope 

Phorbol esters such as phorbol-12-myristate-13-acetate (PMA) have been 

shown to induce activation of LFA-1 receptors by clustering of LFA-1 receptors. 

Harvest cells at mid – late log phase at a density of 1.5x10
6 

cells/mL and was two 

times with PBSSP buffer at pH 7.2 – 7.4. Aliquot 500 µL of cells suspension (in 

PBSSB containing 0.1% DMSO) and add PMA to a final concentration of 100 

ng/mL. In the case of cyto D, add to a final concentration of 5 µg/mL. Incubate 

cells for 30 m at 37 ºC following addition of the PMA or cyto D then add 50 µL 

of labelled beads. Continue incubation for 1 h at same temperature under 95% air 

and 5% CO2. Spin cells at room temperature for 4 m at 1200 rpm to pellet cells. 

Carefully aspirate the suspension containing unbound beads using a vacuum 
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making sure the cell pellet is intact. Wash cells twice with one volume of PBSSB 

pH 7.2 each time. Washing the cells once with two volumes (1000 µL) of PBSSB 

equally works well. Then fix cells with 0.25% pre-chilled PMA on ice for 30 m. 

Following fixation, wash cells and re-suspend in PBSSB before plating 20 µL in 

200 µL PBSSB on a 96 well plate. 

As a negative control, pre-block LFA-1 receptors with TS2/4 mAb before 

labelling with beads. Pre-blocking was done by; adding 20 µg/mL TS2/4 mAb 

(total concentration) to washed and re-suspended cells. Incubate at 37 ºC for 30 m 

before adding labelled beads. Continue incubation for 1 h at same temperature. 

Then wash cells with PBSSB and fix with pre-chilled 0.25% PFA on ice for 30 m. 

Wash fixed cells and plate for FC analysis. Run FC under the program „Cairo 

Lab-NGE YG beads labelling‟ 

3.7.2.4. Glycosidase treatment and cell labelling with mAb against different 

LFA-1 epitope 

Since most of the glycosidases used functions optimally at pH 4.5, 

unfortunately this pH environment is lower than physiological pH for Jurkat cells. 

Thus a pH of 5.5 was used at which most cells remain viable for up to 1 h 30 m 

while favouring the activity of the glycosidase. Harvest cells and re-suspend them 

in PBSSB pH 5.5. Add glycosidases to cells in separate tubes as follows: MBP–

NEU3 (final concentration of 10 µg/mL), GST–NEU4 (10 µg/mL), bacterial 

NEUX (20 mU/mL), Endo Hf (10000 U/mL) and PNGase F (5000 U/mL). After 

addition of glycosidases, incubate cells for 1 h for glycosidases to act at 37 ºC in a 
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5% CO2 incubator. Then spin down cells and was three times with two volumes of 

PBSSB pH 7.2. Re-suspend cells in same PBSSB pH 7.2 and add mAb labelled 

beads. Incubate cells with beads for 1 h before washing and fixing. Wash cells 

again with PBSSB buffer, pH 7.2 and fix cells with 0.25% PFA on ice for 30 m. 

Then re-suspend the cells in PBSSB after washing and plate on 96 well plate for 

sorting through the Beckman Coulter Cell Lab Quanta flow cytometer using the 

program „Cairo Lab- NGE YG beads labelling‟.    

3.7.2.5. Fluorescently tagged proteins treatment and cell labelling with mAb   

against different LFA-1 epitope 

Harvest cells at their mid–late log phase at a density of 1.5x10
6
 cells/mL. 

Wash cells with PBSSB and re-suspend cells in same buffer. Dialyze all proteins 

in a dialysis buffer containing 100 mM NaCl, 50 mM NaH2PO4 and 0.01% 

elugent in a 10 kDa MWC dialysis membrane. Remove all protein after dialysing 

for 4 h at 4 ºC and spin down to sediment all insoluble protein. Add proteins to 

washed cells at a final concentration of 20 µg/mL and incubate for 1 h at 37 ºC in 

a 5% CO2 incubator. Spin down cells and wash two times with PBSSB before 

adding mAb labelled beads. Add 50 µL of labelled beads to 500 µL of cells 

suspension. Note that these volumes could be scaled down or up as required. 

Incubate cells with beads for an additional 1 h followed by spinning and washing. 

Spin down cells at 1200 rpm to pellet cells while unattached beads remain in 

suspension. Then wash the labelled cells with PBSSB and fix with 0.25% PFA. 

Add PFA to cells and incubate on ice for 30 m followed by washing with PBSSB. 
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Re-suspend cells in PBSSB and add cells unto PBSSB in wells of 96 well plate. 

Run the cells through the flow cytometer under the program „Cairo lab – NGE 

Red beads/GFP labelling‟ at room temperature. 

3.7.2.6. Data processing 

All raw data was processed by transforming them or normalising them. All 

data obtained from the effects of agonist/antagonist treatment and from treatment 

with glycosidases was normalized to treatment under buffer condition (as control) 

or binding to pIgG beads (as control). The equations used were as follows: 

Data normalized to binding of cells to pIgG beads 

Normalized Avg. = (Avg. number of bound cells to a mAb 

beads under a given treatment) / (Avg. number of bound 

cells to pIgG beads under the same treatment condition) 

Equation 3.1 

Normalized SD = ((SD/Avg.)for each entry x (Normalized 

Ave for that entry)) 

Equation 3.2 

Data normalized to binding of cells under buffer condition  

Normalized Avg. = (Avg. number of bound cells to a mAb 

beads under a given treatment) / (Avg number of bound 

cells to the same mAb beads under buffer condition).  

Equation 3.3 
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Normalized SD = (SD of cells bound to a mAb beads under 

a given treatment) x (SD of cells bound to the same mAb 

beads under buffer condition).   

Equation 3.4 

For treatments with recombinant proteins, we normalized the data to 

treatment under EGFP protein (as control). All data from the recombinant protein 

treatment were first transformed before normalized as follows:  

Transformed Avg. = (Avg. number of bound cells to a mAb 

beads under a given treatment) – (Avg. number of bound 

cells to No mAb under the same treatment). 

Equation 3.5 

Fold = (%labelling from the different beads / (% 

labelling with pIgG beads).  

Equation 3.6 
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4.1. GENERAL CONCLUSION 

The goal of this project was to use molecular biology methods to make 

proteins that can be use to interfere with the function of the LFA-1 receptor on 

Jurkat cell clone E6.1. We realised this by making a chimeric gene containing 

EGFP as an N-terminal protein linked to β2 TM as a C-terminal protein via a 9-

mer linker. These genes were made using PCR of egfp and ksiβ2 (synthetic) genes 

with four primers to amplify the DNA. The chimeric genes were then ligated into 

the pBAD His vector and expressed in the DH10B E coli. Bacteria strain. The 

resulting proteins were designated EGFPβ2TM+CD, EGFPβ2TM-CD, 

EGFPβ2TM-5B and EGFPβ2TM-10B with EGFP as a control protein. The 

proteins were characterised by SDS-PAGE, CD spectroscopy, fluorescence 

spectroscopy, and mass spectroscopy. CD spectra confirmed the secondary 

structure of the proteins with the β2-TM was predominantly α-helix. 

These proteins were shown to bind to Jurkat cells in an in vitro binding 

assay where Jurkat cells (clone E6.1) were harvested at mid – late log phase and 

incubated with the recombinant proteins. Jurkat cells are T lymphocytes that 

express LFA-1 receptors on their surfaces. LFA-1 is a heterodimeric type I 

transmembrane protein made up of the αL and β2 integrins. LFA-1 binds to its 

counter receptors, the ICAM-1, 2 and 3 important in eliciting a number of cellular 

and physiological processes in the body include T cell recruitment, extravasation, 

cell adhesion, cell migration, apoptosis and have also been implicated in other 

diseases. LAD is a disease resulting from lack of the β2 integrin in which the 
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individuals leukocytes lack the ability to firmly adhere to blood vessels with a 

subsequent persistent leukocytosis.  

Jurkat cells were incubated with different concentrations of the β2 TM 

proteins and analyzed for fluorescent cells using a Beckman Coulter Cell Lab 

flow cytometer. Only gated cells that had proteins bound to their surface, as 

detected by fluorescence of EGFP, were used to determine the percentage of 

labelled cells plotted against the protein concentration to obtain a binding curve 

with a Kd and an EC50 values for all proteins. Fitting these values to one-site 

competitive binding and saturation-binding equations (equations 2.1 and 2.2) we 

obtained the Kd and EC50 values. Relative to the control protein EGFP with an 

EC50 value  > 100 µM, and a high Kd > 100 µM, the recombinant proteins showed 

a high preference for binding to the cells. The best Kd was obtained from the 

EGFPβ2TM-5B protein with a Kd value of 280 ± 80 nM with a corresponding 

EC50 of 790 ± 50 nM. In general we observed a greater than 230-fold 

enhancement in binding by the β2 TM proteins compared to EGFP alone.  

We hypothesized that binding of these peptides to the cell may result in 

disruption of the LFA-1 receptor function. This could either have a stimulatory or 

inhibitory effect on the receptor function. Thus to study the effect, we utilised 

mAb-conjugated 1 µm fluosphere beads. We measured the binding of the receptor 

to ICAM-1 conjugated beads but were not successful in obtaining reproducible 

results. Thus we utilized different mAb specific to epitopes on the αL and the β2 

integrins. MEM48 and MEM148 would bind to epitopes on the β2 integrin while 
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TS1/22 and TS2/4 would bind to αL integrin. We used pIgG as a negative control 

Ab and OKT3 a TCR binding Ab. Treating the cells with the recombinant 

proteins followed by incubating with the mAb conjugated beads (red 1 µm 

fluospheres) and sorting for both green (proteins) and red (fluorsphere) 

fluorescent cells, we could monitor the change in binding. In general, after 

treating cells with 20 µg/mL total protein concentration, we observed an increase 

in binding of the cells to MEM148 conjugated beads. In contrast, we observed a 

decrease in binding to MEM48 conjugated beads. We propose that these changes 

may be due to disruption of the LFA-1 heterodimeric association of the αL and β2 

integrin in a way similar to the observed changes Tarasova et al. has previously 

reported for GPCR and the ABC transporters (45, 46). While the increase in 

binding of MEM148 may be due to exposure of the MEM148 epitope on β2 

integrin following disruption, decrease in the case of MEM48 may be due to 

homodimerisation association of the EGFPβ2TM protein with the β2 integrin 

which leads to a conformational change that instead buries the MEM48 epitope. 

There was a general increase in the case of the αL epitope for TS1/22 conjugated 

beads whereas there was no change in the case of TS2/4. The observed increase 

with TS1/22 may be attributed to disruption of receptor by the β2TM leading to 

exposure of the TS1/22 binding epitope which then binds to TS1/22 conjugated 

beads.  
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4.2. FUTURE DIRECTIONS 

Since the system has shown that binding of the proteins to the cells can 

have an effect on the LFA-1 receptor, further insight into this work is important. 

Our model so far does not tell us anything about the association of the protein 

with the membrane; whether it is just binding or inserting or being internalized. 

Therefore further experiments that can rule out the pittfalls of our approach can be 

done to provide evidence of the effect of the proteins on LFA-1 receptor. A 

number of suggested experiments are outline below. 

 Firstly, the ICAM-1 system would give a better insight into the effect of 

the proteins to the LFA-1 receptor as ICAM-1 binds to whole and intact LFA-1. 

Therefore, having a functional adhesion assay using ICAM-1 would provide a 

better understanding of the biological effects of the recombinant proteins to the 

LFA-1 receptor. Secondly, we can design experiments that examine some of the  

downstream signalling pathway of LFA-1 following binding to its ligand, such as 

changes in IL-2 production. Thirdly, we can design plasmid that can express the 

different variants of the β2TM proteins on Jurkat cells (or other LFA-1 expressing 

cell lines) and incorporate synthetic fluorophores on them if expressed on cell 

surfaces (although we are interested in exogeneous probes for our system). This 

approach can be very challenging due to the various proteins being expressed on 

cell surfaces which could be labelled too. Also, we can use FRET analysis to 

determine insertion of the proteins in the membrane in addition to microscopy 

experiments.  
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Due to the limitation of our method, further experiments should test the 

role of these proteins on different cells lines (both + and – LFA-1 cell lines) to 

determine specificity and selectivity of our proteins. We can further make 

scrambled sequences of the best proteins to rule out hydrophobic verses specific 

interactions. Deeper insight into understanding TM-TM interaction by targeting 

them with exogeneous probes is an active area for research that can create a new 

way for designing new chemotherapies.  
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4.3. APPENDIX 

 

 

 

 

 

 

 

EGFP Protein: 5` to 3`frame. 
atggtgagcaaaggcgaagaactgtttaccggcgtggtgccgattctggtggaactggatggcgatgtgaacggccataaatttagcgtgagcggcgaaggcgaaggcaatgcgacctatggcaaactgac 

 M  V  S  K  G  E  E  L  F  T  G  V  V  P  I  L  V  E  L  D  G  D  V  N  G  H  K  F  V  S  G  E  G  E  G  D A  T  Y  G  K  L  T  L 

cctgaaatttatttgcaccaccggcaaactgccggtgccgtggccgaccctggtgaccaccctgacctatggcgtgcagtgctttagccgctatccggatcatatgaaacagcatgatttttttaaaagcg 

 K  F  I  C  T  T  G  K  L  P  V  P  W  P  T  L  V  T  T  L  T  Y  G  V  Q  C  F  S  R  Y  P  D  H  M  K  Q  H  D  F  F  K  S  A  M   

cgatgccggaaggctatgtgcaggaacgcaccattttttttaaagatgatggcaactataaaacccgcgcggaagtgaaatttgaaggcgataccctggtgaaccgcattgaactgaaaggcattgatttt 

 P  E  G  Y  V  Q  E  R  T  I  F  F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E  G  D  T  L  V  N  R  I  E  L  K  G  I  D  F  K  E   

aaagaagatggcaacattctgggccataaactggaatataactataacagccataacgtgtatattatggcggataaacagaaaaacggcattaaagtgaactttaaaattcgccataacattgaagatgg 

 D  G  N  I  L  G  H  K  L  E  Y  N  Y  N  S  H  N  V  Y  I  M  A  D  K  Q  K  N  G  I  K  V  N  F  K  I  R  H  N  I  E  D  G  S  V 

cagcgtgcagctggcggatcattatcagcagaacaccccgattggcgatggcccggtgctgctgccggataaccattatctgagcacccagagcgcgctgagcaaagatccgaacgaaaaacgcgatcata 

 Q  L  A  D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L  L  P  D  N  H  Y  L  S  T  Q  S  A  L  S  K  D  P  N  E  K  R  D  H  M  V   

tggtgctgctggaatttgtgaccgcggcgggcattaccctgggcatggatgaactgtat  

R  L  L  E  F  V  T  A  A  G  I  T  L  G  M  D  E  L  Y  K 

 

 

 

 

EGFPβ2TM+CD Protein: 5` to 3`frame 
 
                 9-mer Linker                                                                            2nd Pentamer 
 

 ggcagcaccggcagcaccggcagcaccgaaagccgcgaaagcgtggcgggcccgaacattgcggcgattgtgggcggcaccgtggcgggcattgtgctgattggcattctg 

  G  S  T  G  S  T  G  S  T  E  S  R  E  S  V  A  G  P  N  I  A  A  I  V  G  G  T  V  A  G  I  V  L  I  G  I  L   

               ctgctggtgatttggaaagcgctgattcatctgagcgatctgcgcgaatat 

                L  L  V  I  W  K  A  L  I  H  L  S  D  L  R  E  Y   

                   

               1
st
 Pentamer        Short cytoplasmic tail 

EGFPβ2TM-CD Protein: 5` to 3`frame 
 

 ggcagcaccggcagcaccggcagcaccgaaagccgcgaaagcgtggcgggcccgaacattgcggcgattgtgggcggcaccgtggcgggcattgtgctgattggcattctg 

  G  S  T  G  S  T  G  S  T  E  S  R  E  S  V  A  G  P  N  I  A  A  I  V  G  G  T  V  A  G  I  V  L  I  G  I  L 

               ctgctggtgatttgg 

                L  L  V  I  W    

 

β2 integrin protein region Amino acid sequence 
Integrin β2 tail domain 622 - 700 CGKYISCAEC LKFEKGPFGK NCSAACPGLQ LSNNPVKGRT  CKERDSEGCW VAYTLEQQDG 

MDRYLIYVDE SRECVAGPN 

Transmembrane region  701- 723 IAAIVGGTVA GIVLIGILLL VIW 

Cytoplasmic domain  724- 768 KALIHLSDLR EYRRFEKEKL KSQWNNDNPL FKSATTTVMN PKFAE 

Target sequence ESRESVAGPN IAAIVGGTVA GIVLIGILLL VIWKALIHLS DLREY   

EGFP 

EGFP 
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EGFPβ2TM-5B Protein: 5` to 3`frame 
 

ggcagcaccggcagcaccggcagcaccgaaagccgcgaaagcgtggcgggcccgaacattgcggcgattgtgggcggcaccgtggcgggcattgtgctgattggcattctg 

 G  S  T  G  S  T  G  S  T  E  S  R  E  S  V  A  G  P  N  I  A  A  I  V  G  G  T  V  A  G  I  V  L  I  G  I  L 

 

 

 

 

EGFPβ2TM-10B Protein: 5` to 3` frame 
 

ggcagcaccggcagcaccggcagcaccgaaagccgcgaaagcgtggcgggcccgaacattgcggcgattgtgggcggcaccgtggcgggcattgt                                                                                                     

G  S  T  G  S  T  G  S  T  E  S  R  E  S  V  A  G  P  N  I  A  A  I  V  G  G  T  V  A  G  I  V     

  

 

 

Figure A1. Targeted sequence of β2 integrin for recombinant protein and the gene outline for the proteins. 

Table shows the targeted sequence of the β2 integrin for fusion at the C-terminus of EGFP protein. The outline shows the sequence of the recombinant β2 

constrructs. EGFP is fused to β2 integrin transmembrane variant via a 9-mer shown in bold and enclosed in solid rectangle. EGFPβ2TM+CD is 

distinguished with the presence of a short cytoplasmic tail represented in within a broken rectangle. The cytoplasmic tail is truncated in EGFPβ2TM-CD. 

The first pentamer (bold broken rectangle) is truncated in EGFPβ2TM-5B protein while the first and second pentamers (represented in broken oval 

rectangle) are truncated in the EGFPβ2TM-10B protein. 

 

 

 

 

EGFP 

EGFP 
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Figure A2: Fluorescence spectra 

of EGFP and β2-TM proteins 

The excitation spectra are shown in solid 

line while the emission spectra are shown in 

broken lines. A is the spectra for EGFP, B 

for EGFPβ2TM+CD, C for EGFPβ2TM-CD, 

D for EGFPβ2TM-5B and E for EGFPβ2TM-

10B. All proteins have three excitation 

maxima at 471, 485 and 495 nm at an 

emission maximum of 510 nm. The 

emission maximum is 508 nm at an 

excitation maximum of 475 nm. Spectra are 

not corrected. 
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Protein 

concentration 

(µg/mL) 

Log of 

Protein 

conc. 

Transformed 

concentration 

(µg/mLx10
3
) 

Mean % of 

labelled 

cells. 

Standard 

Deviation 

0.0 0.000 0.000 3.113 0.567 

2.0 0.301 0.002 3.713 0.552 

4.0 0.602 0.004 3.646 0.631 

6.0 0.778 0.006 4.313 0.952 

8.0 0.903 0.008 4.666 0.360 

10.0 1.000 0.010 4.340 1.052 

20.0 1.301 0.020 5.333 1.250 

30.0 1.477 0.030 6.740 0.499 

40.0 1.602 0.040 7.080 1.330 

50.0 1.698 0.050 9.206 1.283 

100.0 2.000 0.100 14.880 0.720 

200.0 2.301 0.200 28.673 1.392 

 

Table A1: FC data for EGFP treated cells 

The Jurkat cells clone E6-1 follows a Gaussian distribution with a mean 

cell diameter of 10 µm. The number of runs per sample was three (n = 

3). The mean of the % of labelled cells and the sample SD (which 

represents the error) are shown.     

 

                          

Protein 

concentration 

(µg/mL) 

Log of 

Protein 

conc. 

Transformed 

concentration 

(µg/mL x10
3
) 

Mean % of 

labelled 

cells. 

Standard 

Deviation 

0.0 0.000 0.000 3.326 0.423 
2.0 0.301 0.002 27.166 1.305 

4.0 0.602 0.004 22.560 0.80721 

6.0 0.778 0.006 25.673 0.570 

8.0 0.903 0.008 28.400 1.314 

10.0 1.000 0.010 34.675 4.948 

20.0 1.301 0.020 57.560 0.757 

30.0 1.477 0.030 59.630 2.182 

40.0 1.602 0.040 65.655 0.902 

50.0 1.698 0.050 68.350 3.240 

100.0 2.000 0.100 86.603 1.248 

200.0 2.301 0.200 97.186 4.527 

 

Table A2: FC data for EGFPβ2TM+CD treated cells 

The Jurkat cells clone E6-1 follows a Gaussian distribution with mean 

cell diameter of 10 µm. The number of runs per sample was three (n = 

3). The mean of the % of labelled cells and the sample SD (which 

represents the error) are shown. 
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Protein 

concentration 

(µg/mL) 

Log of 

Protein 

conc. 

Transformed 

concentration 

(µg/mL x10
3
) 

Mean % of 

labelled 

cells. 

Standard 

Deviation 

0.0 0.000 0.000 3.566 0.266 

2.0 0.301 0.002 12.760 0.593 

4.0 0.602 0.004 14.920 1.752 

6.0 0.778 0.006 16.255 1.321 

8.0 0.903 0.008 16.485 0.814 

10.0 1.000 0.010 17.385 0.245 

20.0 1.301 0.020 19.615 1.198 

30.0 1.477 0.030 26.873 0.347 

40.0 1.602 0.040 27.993 1.220 

50.0 1.698 0.050 33.166 0.912 

100.0 2.000 0.100 37.793 1.892 

200.0 2.301 0.200 47.320 1.984 

 

Table A3: FC data for EGFPβ2TM-CD treated cells 

The Jurkat cells clone E6.1 follows a Gaussian distribution with a mean 

cell diameter of 10 µm. The number of runs per sample was three (n = 

3). The mean of the % of labeled cells and the sample SD (which 

represents the error) are shown. 

 

 

Protein 

concentration 

(µg/mL) 

Log of 

Protein 

conc. 

Transformed 

concentration 

(µg/mL x10
3
) 

Mean % of 

labelled 

cells. 

Standard 

Deviation 

0.0 0.000 0.000 3.193 0.665 

2.0 0.301 0.002 17.460 0.303 

4.0 0.602 0.004 18.673 1.914 

6.0 0.778 0.006 19.466 0.914 

8.0 0.903 0.008 20.466 1.500 

10.0 1.000 0.010 25.390 1.630 

20.0 1.301 0.020 26.505 0.851 

30.0 1.477 0.030 26.832 1.737 

40.0 1.602 0.040 39.620 1.352 

50.0 1.698 0.050 42.122 0.430 

100.0 2.000 0.100 46.003 1.451 

200.0 2.301 0.200 50.860 1.021 

 

Table A4: FC data for EGFPβ2TM-5B treated cells 

The Jurkat cells clone E6.1 follows a Gaussian distribution with cell 

diameter of 10 µm. The number of runs per sample was three (n = 3). 

The mean of the % of labelled cells and the sample SD (which represents 

the error) are shown. 
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Protein 

concentration 

(µg/mL) 

Log of 

Protein 

conc. 

Transformed 

concentration 

(µg/mL x10
3
) 

Mean % of 

labelled 

cells. 

Standard 

Deviation 

0.0 0.000 0.000 3.480 0.950 

2.0 0.301 0.002 19.226 0.513 

4.0 0.602 0.004 20.153 1.420 

6.0 0.778 0.006 18.446 1.220 

8.0 0.903 0.008 21.013 0.541 

10.0 1.000 0.010 28.560 0.924 

20.0 1.301 0.020 50.520 1.558 

30.0 1.477 0.030 53.145 1.357 

40.0 1.602 0.040 59.555 1.240 

50.0 1.698 0.050 67.350 1.468 

100.0 2.000 0.100 68.890 1.605 

200.0 2.301 0.200 71.659 1.931 

 

Table A5: FC data for EGFPβ2TM-10B treated cells 

The Jurkat cells clone E6-1 follows a Gaussian distribution with a mean 

cell diameter of 10 µm. The number of runs per sample was three (n = 

3). The mean of the % of labelled cells and the sample SD (which 

represents the error) are shown. 
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Figure A3: Agarose gels of PCR reaction products for egfpβ2tm+cd 

gene 

A: A 1% agarose gel on the digested pBAD-YFP vector to purify the pBAD vector. 

Digestion was done using EcoRI and XhoI restriction enzymes. B: A 1% gel for the 

digestion of pBAD-EGFPβ2TM+CD vector to test for drop-outs of the egfpβ2tm+cd 

genes. C: 1% gel of the clean-up of gene product 1from PCR amplification of egfp gene 

with primers GFPβ2 A and B. D: 3% gel of the cleanu-up of gene product 2 from PCR 

amplification of the ksiβ2 gene with primers GFPβ2 C and D. Any gene product less than 

500 bp was purified by running the reaction product on a 3% gel while gene products 

above 500 bp were run on 1% agarose gel.    
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Table A6: Raw FC data for effects of activators and inhibitors on LFA-1 binding to mAbs. 

The cell population follows a normal distribution with a mean population cell diameter of about 10 µm. The number of repeats per sample was 

four (n=4). Error is computed as SD. The mAbsMEM48, MEM148 and TS1/22 were used at a final concentration of 20 µg/mL on fluospheres 

while TS2/4, pIgG and OKT3 were used at 10 µg/mL. 

 

 Buffer PMA treatment Cyto D treatment TS2/4 treatment 

mAb AVE SD AVE SD AVE SD AVE SD 

pIgG 1.00 0.094 1.57 0.139 1.95 0.261 1.45 0.163 

OKT3 1.00 0.026 1.22 0.041 0.35 0.011 0.23 0.003 

MEM48 1.00 0.077 2.07 0.199 0.67 0.025 0.86 0.029 

MEM148 1.00 0.029 2.36 0.142 0.68 0.027 1.02 0.046 

TS1/22 1.00 0.007 1.04 0.007 0.59 0.009 0.91 0.007 

TS2/4 1.00 0.021 0.94 0.035 0.93 0.002 0.20 0.002 

Table A7: Raw FC data for effects of activators and inhibitors on LFA-1 binding to mAbs normalized, to binding of 

cells under buffer conditions. 

All data was normalized to binding of cells under buffer condition which is PBSSB buffer at pH 7.2 (n=4) 

 

 

Buffer PMA treatment Cyto D treatment TS2/4 treatment 

mAb AVE SD AVE SD AVE SD AVE SD 

pIgG 2.31 0.217 3.62 0.205 4.51 0.309 3.36 0.259 

OKT3 23.32 0.600 28.47 0.782 8.22 0.714 5.42 0.325 

MEM48 6.65 0.510 13.78 0.640 4.47 0.245 5.73 0.230 

MEM148 12.68 0.373 29.88 0.763 8.68 0.498 12.90 0.574 

TS1/22 67.82 0.480 70.68 0.442 40.24 0.977 61.72 0.493 

TS2/4 88.68 1.846 83.53 3.303 82.86 0.213 18.06 0.988 
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pIgG OKT3 MEM48 MEM148 TS1/22 TS2/4 

Condition AVE SD AVE SD AVE SD AVE SD AVE SD AV SD 

Buffer 1 0.047 10.10 0.130 2.88 0.110 05.49 0.081 29.34 0.104 38.39 0.401 

PMA Treatment 1 0.042 7.86 0.160 3.80 0.131 8.25 0.156 19.52 0.091 23.08 0.677 

Cyto D Treatment 1 0.095 1.82 0.221 0.99 0.076 1.92 0.154 8.912 0.302 18.35 0.066 

TS2/4 Treatment 1 0.067 1.61 0.084 1.70 0.059 3.83 0.149 18.341 0.128 5.36 0.256 

Table A8: Raw FC data for effects of activators and inhibitors on LFA-1 binding to mAbs, normalized to cells 

bound to pIgG Ab beads.  

Data was equally normalized to results obtained from binding to pIgG beads to show that cells bound to mAb compared to pIgG (n=4). 

 

 Buffer NEU3 Treatment NEU4 Treatment 

NEUX 

Treatment 

Endo Hf 

Treatment 

PNGase F 

Treatment 

mAbs AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 

pIgG 14.89 0.71 13.79 1.24 10.5 0.32 18.1 0.35 10.5 0.35 14.67 0.23 

OKT3 23.76 0.16 44.28 1.79 23.4 0.74 52.02 0.46 23.4 0.46 36.32 0.88 

MEM48 16.04 0.24 18.445 0.365 15.91 0.01 24.8 0.22 15.91 0.22 18.4 0.22 

MEM148 16.855 0.385 20.54 0.08 14.83 0.89 28.59 0.05 14.83 0.05 21.07 0.57 

TS1/22 30.03 0.53 46.7 0.39 19.36 2.04 37.87 0.23 19.36 0.23 34.75 0.71 

TS2/4 87.02 0.4 97.905 0.005 86.41 0.77 93.90 0.715 86.41 0.715 87.5 0.52 

Table A9: Raw FC data on the effect of glycosidases treatment on binding of mAbs to LFA-1 epitopes. 

The number of runs per sample is four (n=4). SD was computed for the errors as the sample population follows a normal distribution in average 

cell diameter. 
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 Buffer NEU3 Treatment NEU4 Treatment NEUX Treatment Endo Hf 

Treatment 

PNGase F 

Treatment 

mAbs AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 

pIgG 1.00 0.048 0.93 0.083 0.71 0.021 1.22 0.024 0.71 0.024 0.99 0.015 

OKT3 1.00 0.007 1.86 0.075 0.98 0.031 2.19 0.019 0.98 0.019 1.53 0.037 

MEM48 1.00 0.015 1.15 0.023 0.99 0.001 1.55 0.014 0.99 0.014 1.15 0.014 

MEM148 1.00 0.023 1.22 0.005 0.88 0.053 1.70 0.003 0.88 0.003 1.25 0.034 

TS1/22 1.00 0.018 1.56 0.013 0.64 0.068 1.26 0.008 0.64 0.008 1.16 0.024 

TS2/4 1.00 0.005 1.13 0.000 0.99 0.009 1.08 0.008 0.99 0.008 1.01 0.006 

Table A10: Raw FC data on the effect of glycosidases treatment on binding of mAbs to LFA-1 epitopes, 

normalized to binding of cells under buffer condition. 

The data was normalized by dividing the number of bound cells under each treatment by the corresponding number of bound cells for the buffer 

condition using the same mAb. All treatments were done in PBSSB pH 5.5 (buffer) at 37 ºC for 1 hr (n=4). 

 

 

pIgG OKT3 MEM48 MEM148 TS1/22 TS2/4 

Conditions AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 

PBSSB pH 5.5 1.00 0.504 1.59 0.113 1.07 0.170 1.13 0.273 2.02 0.376 5.84 0.284 

NEU3 Treatment 1.00 1.537 3.21 2.219 1.34 0.452 1.49 0.099 3.38 0.484 7.10 0.006 

NEU4 Treatment 1.00 0.102 1.86 0.086 0.83 0.003 1.04 0.034 2.57 0.275 8.11 0.515 

NEUX Treatment 1.00 0.122 2.87 0.161 1.37 0.077 1.57 0.018 2.09 0.081 5.19 0.250 

Endo Hf Treatment 1.00 0.102 2.22 0.236 1.51 0.003 1.41 0.285 1.84 0.653 8.23 0.246 

PNGase F Treatment 1.00 0.052 2.47 0.202 1.25 0.050 1.44 0.131 2.37 0.163 5.96 0.120 

Table A11: Raw FC data on the effect of glycosidases treatment on binding of mAbs to LFA-1 epitopes, 

normalized to binding to pIgG beads.  

The data was normalized by dividing the number of bound cells under each mAb by the corresponding number of bound cells to pIgG Ab under 

the same condition (n=4).  
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No treatment EGFP treatment 

EGFPβ2TM+CD 

treatment 

EGFPβ2TM-CD 

treatment 

EGFPβ2TM-5B 

treatment 

EGFPβ2TM-10B 

treatment 

Mab AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 

No Ab 0.65 0.134 0.62 0.304 2.24 0.028 3.22 0.162 2 0.113 1.19 0.049 

pIgG 4.47 0.127 5.65 0.240 6.73 0.049 8.77 0.169 6.38 0.085 5.13 0.183 

OKT3 58.39 1.202 57.05 1.972 54.98 1.456 59.49 0.169 46.62 1.640 60.35 0.813 

MEM48 9.29 0.014 11.17 0.007 11.79 0.183 9.35 0.431 8.18 0.028 10.83 0.480 

MEM148 7.54 1.930 3.87 0.261 6.125 0.134 7.58 0.261 5.71 0.219 5.65 0.459 

TS1/22 9.41 1.173 7.67 0.091 12.23 0.438 11.46 0.099 8.04 0.113 9.35 0.883 

TS2/4 88.48 1.025 86.7 0.494 88.84 0.431 87.38 0.516 79.48 0.148 87.75 1.223 

Table A12: Raw FC data from the number of labelled cells following protein treatments. 

The number of runs per sample was three (n=3) and the error was computed as the SD since the cell population followed a normal distribution 

with mean cell diameter of 12 µm.  

 

 

No treatment EGFP treatment 

EGFPβ2TM+CD 

treatment 

EGFPβ2TM-CD 

treatment 

EGFPβ2TM-5B 

treatment 

EGFPβ2TM-10B 

treatment 

mAb AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 

pIgG 3.82 0.127 5.04 0.240 4.49 0.049 5.56 0.169 4.38 0.085 3.94 0.184 

OKT3 57.74 1.202 56.43 1.972 52.74 1.456 56.28 0.169 44.62 1.640 59.15 0.814 

MEM48 8.64 0.014 10.56 0.007 9.55 0.184 6.14 0.431 6.18 0.028 9.64 0.481 

MEM148 6.89 1.930 3.26 0.261 3.89 0.134 4.37 0.261 3.705 0.219 4.46 0.460 

TS1/22 8.76 1.173 7.06 0.092 9.99 0.438 8.25 0.099 6.04 0.113 8.15 0.883 

TS2/4 87.83 1.025 86.09 0.495 86.6 0.431 84.17 0.516 77.48 0.113 86.54 1.223 

Table A13: Transformed data obtained from the number of labelled cells following protein treatment. 

The number of runs per sample was three (n=3) and the error was computed as the SD since the cell population followed a normal distribution 

with mean cell diameter of 12 µm.   
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 EGFP treatment EGFPβ2TM+CD 

treatment 

EGFPβ2TM-CD 

treatment 

EGFPβ2TM-5B 

treatment 

EGFPβ2TM-10B 

treatment 

mAb AVE SD AVE SD AVE SD AVE SD AVE SD 

pIgG 1.00 0.048 0.89 0.010 1.10 0.034 0.87 0.017 0.78 0.037 

OKT3 1.00 0.035 0.93 0.026 1.00 0.003 0.79 0.029 1.05 0.014 

MEM48 1.00 0.001 0.90 0.017 0.58 0.041 0.59 0.003 0.91 0.046 

MEM148 1.00 0.080 1.19 0.041 1.34 0.080 1.14 0.067 1.37 0.141 

TS1/22 1.00 0.013 1.42 0.062 1.17 0.014 0.86 0.016 1.15 0.125 

TS2/4 1.00 0.006 1.01 0.005 0.98 0.006 0.90 0.001 1.01 0.014 

Table A14: Raw FC data from the number of labelled cells following protein treatments, normalized to EGFP 

treatment of cells. 

The data was normalized by dividing the number of bound cells under each treatment by the corresponding number of bound cells for the EGFP 

condition using the same mAb. All treatments were done in PBSSB pH 5.5 (buffer) at 37 ºC (n=3).  

 

 
pIgG OKT3 MEM48 MEM148 TS1/22 TS2/4 

 
AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 

EGFP treatment 1.00 0.058 11.20 0.474 2.10 0.001 0.65 0.063 1.40 0.022 17.10 0.120 

EGFPβ2TM+CD treatment 1.00 0.002 11.76 0.07 2.13 0.009 0.87 0.007 2.23 0.022 19.31 0.021 

EGFPβ2TM-CD treatment 1.00 0.029 10.13 0.029 1.11 0.073 0.79 0.044 1.48 0.017 15.15 0.088 

EGFPβ2TM-5B treatment 1.00 0.007 10.19 0.139 1.41 0.002 0.85 0.019 1.38 0.010 17.69 0.010 

EGFPβ2TM-10B treatment 1.00 0.034 15.03 0.150 2.45 0.088 1.13 0.084 2.07 0.162 21.99 0.225 

Table A15: Raw FC data from the number of labelled cells following protein treatments, normalized to binding of 

cells to pIgG beads. 

The data was normalized by dividing the number of bound cells under each mAb by the corresponding number of bound to pIgG Ab beads under 

the same treatment condition. The table shows the number of folds by which the population of cells labelled with the various Ab was shifted 

relative to those labelled with pIgG (n=3). 
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Figure A4: Flow cytometry histograms showing cells treated with EGFP and labeled with TS2/4 mAb conjugated 

beads. 

Cells were incubated in PBSSB buffer for 1 h at 37 ºC, and then washed with the same buffer before adding mAb labelled fluosphere beads. The 

beads were incubated with cells for additional 1 h at 37 ºC before washed. Washed cells were fixed with 0.25% PFA on ice for 30 min, washed 

and re-suspended in same buffer for FC analysis. A: FL1 channel showing population of green fluorescent cells (2.17%). B: FL2 channel plot 

showing the population of red fluorescent cells (83.87%). C: FL3 channel plot showing the population of red fluorescent cells (85.05%). D: FL2 

vs FL1 plot showing the population of cells which are both red and green (3.23%). E: FL3 vs FL1 plot still showing the population of cells that are 

both red and green fluorescent (2.28%). F: FL1 vs SS plot showing the cells that are green fluorescent as a function of their side scattering. G: FL2 

vs SS plot showing the cells that are green fluorescent as a function of their side scattering. H: FL3 vs SS plot showing the cells that are red 

fluorescent as a function of their side scattering. 
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Figure A5: Flow cytometry histograms showing cells treated with EGFPβ2TM+CD protein and labeled with TS2/4 

mAb conjugated beads. 

Cells were incubated with 20 µg/mL total protein concentration in PBSSB buffer for 1 h at 37 ºC, and then washed with the same buffer before 

adding mAb labelled fluosphere beads. The beads were incubated with cells for additional 1 h at 37 ºC before washed. Washed cells were fixed 

with 0.25% PFA on ice for 30 min, washed and re-suspended in same buffer for FC analysis.  A: FL1 channel showing population of green 

fluorescent cells (68.03%). B: FL2 channel plot showing the population of red fluorescent cells (84.71%). C: FL2 vs FL1 plot showing the 

population of cells which are both red and green (46.75%). D: FL3 vs FL1 plot still showing the population of cells that are both red and green 

fluorescent (45.58%). E: FL3 channel plot showing the population of red fluorescent cells (85.39%). F: FL1 vs SS plot showing the cells that are 

green fluorescent as a function of their side scattering. G: FL2 vs SS plot showing the cells that are green fluorescent as a function of their side 

scattering. H: FL3 vs SS plot showing the cells that are red fluorescent as a function of their side scattering.  


