
 

 

Mapping the Conformational Dynamics of E-selectin upon Interaction with its 
Ligands 

 

Thesis by 

Fajr Aleisa 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

05/15/2013 

 
 
 
 



2 
 

EXAMINATION COMMITTEE APPROVALS FORM 
 
 
 

 

 

 

 

Committee Chairperson: Prof. Jasmeen Merzeban 

 

Committee Member: Prof. Christopher Gehring 

 

Committee Member: Dr. Samah Zeineb Gadhoum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 05/15/2013 

 

Fajr Aleisa 

 

All Rights Reserved 



4 
 

ABSTRACT 
 

Mapping the Conformational Dynamics of E-selectin upon Interaction with its 
Ligands 

Fajr Aleisa 

 

     Selectins are key adhesion molecules responsible for initiating a multistep process 

that leads a cell out of the blood circulation and into a tissue or organ. The adhesion 

of cells (expressing ligands) to the endothelium (expressing the selectin i.e., E-

selectin) occurs through spatio-temporally regulated interactions that are mediated by 

multiple intra- and inter-cellular components. The mechanism of cell adhesion is 

investigated primarily using ensemble-based experiments, which provides indirect 

information about how individual molecules work in such a complex system. Recent 

developments in single-molecule (SM) fluorescence detection allow for the 

visualization of individual molecules with an good spatio-temporal resolution 

(nanometer spatial resolution and millisecond time resolution). Furthermore, 

advanced SM fluorescence techniques such as Förster Resonance Energy Transfer 

(FRET) and super-resolution microscopy provide unique opportunities to obtain 

information about nanometer-scale conformational dynamics of proteins as well as 

nano-scale architectures of biological samples. Therefore, the state-of-the-art SM 

techniques are powerful tools for investigating complex biological system such as the 

mechanism of cell adhesion. In this project, several constructs of fluorescently labeled 

E-selectin will be used to study the conformational dynamics of E-selectin binding to 

its ligand(s) using SM-FRET and combination of SM-FRET and force microscopy. 

These studies will be beneficial to fully understand the mechanistic details of cell 

adhesion and migration of cells using the established model system of hematopoietic 
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stem cells (HSCs) adhesion to the selectin expressing endothelial cells (such as the E-

selectin expressing endothelial cells in the bone marrow). 
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1. Introduction 

1.1 Multi-step Paradigm of Cellular Recruitment 

The migration of cells out of the blood is an integrated sequence of events that 

eventually leads to the movement of the cell of interest out of the blood and into the 

organ/tissue of its destination.  This sequence is often referred to as the “multi-step 

paradigm” [1] and is controlled by the interaction of molecules on the surface of 

vascular endothelium of the organ/tissue with molecules on the surface of the 

migrating cell (Figure 1.1). The first step of homing has been shown to be crucial for 

slowing the velocities of circulating cells on the endothelium to velocities that are 

lower than the local flow rate of the blood. In this step, cells start tethering on the 

lumina of the blood cell vessel wall. Later, they start rolling and finally enter the 

“slow rolling” mode.  The most effective contributors of this critical step of homing 

are Selectins as they are known to bind specifically to sialofucosylated proteins or 

lipids in a calcium-dependent manner. Subsequently, the rolling cells become exposed 

to the chemokines at the local lumina activating the expression of integrins that 

facilitate firm adhesion of these cells on the endothelium and finally transendothelial 

migration of the cells [2]. Although each step in this process is important, the 

interactions mediating the first step of this cascade are absolutely required for 

initiating the process.  As a result, studying the Selectins is integral to understanding 

the migration process. 
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Figure 1.1: The multi-step paradigm of cell migration and homing. The first step is mediated by 
Selectins and their ligands, where tethering and rolling of blood-borne cells on the endothelial surface 
control this process (step 1). The initial tethering and rolling allow chemokine receptors on the cells to 
interact with local chemokines on the endothelium inducing a signaling pathway that results in the 
activation of integrins (step 2) which mediate firm adhesion (step 3) of the cell to the endothelium and 
subsequently culminates in the transendothelial migration (step 4) of the cell through the endothelial 
cell layer and into the tissue/organ. Note that the first step in this process helps to control the 
subsequent steps and the binding of Selectins to their ligands is dependent on the expression of a 
glycan moiety, sialyl Lewis X (sLex). This diagram is from [2]. 

 

Importance of Selectins in naïve T cell homing to lymph nodes: 

The multistep paradigm of homing was first described in the context of naïve T cell 

homing to lymphoid tissues in a process that is integral to adaptive immunity. 

Recirculation of lymphocytes relies mainly on the interaction between T cell and the 

high endothelial venules (HEV) of the peripheral lymph nodes (PLN) [3]. 

The von Andrian group [4] tested the homing mechanism of lymphocyte to PLN via 

HEV and demonstrated a selective cascade for the recruitment of naïve T- 

lymphocytes without myeloid or lymphocytes that express low levels or no L-selectin. 

In this established process, naïve lymphocytes starts interacting with peripheral node 

addressin (PNAd) through L-selectin mediated tethering and rolling that consequently 

triggers the activation of G-protein coupled receptors that in turn facilitates the 
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upregulation of LFA-1 (Lymphocyte function-associated antigen 1) integrins that 

allows firm arrest of naïve lymphocytes and finally transmigration through the 

endothelium (Figure 1.2). 

 

 

Figure 1.2: Selective homing of lymphocytes to PLN. Cells expressing L-selectin in appropriate 
amounts such as naïve T-cells can initiate the first step of tethering by binding to PNAd via L-selectin 
(step 1). The majority of lymphocytes that has low or no L-selectin expression can pass through HEV 
without initiating any interactions. Next, chemokines expressed on the HEV activate G-protein coupled 
chemokine receptors that leads to a signaling cascade resulting in activation of the integrin LFA-1 (step 
2) resulting in the firm adhesion (step 3) of the lymphocyte to the HEV and finally trans-endothelial 
migration (step 4). This figure is adapted from [4]. 

 

Importance of Selectins in HSC migration to bone marrow: 

The most common therapy to treat blood disorders such as Leukemia (characterized 
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by highly proliferative immature “non-functional” blood cells that repopulate the 

immune system rendering the individual susceptible to infection) is to transplant 

healthy bone marrow cells into the patient after removing the patient’s own diseased 

cells using chemotherapy. The therapeutic potential of the bone marrow transplant 

depends on a very rare stem cell present within the bone marrow.  A stem cell has 

unique properties that define it as a “stem cell”: 1) the ability to self-renew (make 

more of itself) without changing its intrinsic properties 2) the ability to differentiate 

into any mature cells that are present in that particular tissue or organ. In the case of 

the blood system, the important stem cell is called the hematopoietic stem cell (HSC). 

HSC transplantation was first performed more than 50 years ago and today remains 

the standard therapy to treat blood diseases worldwide. It is estimated that 2 x 1011 red 

blood cells and 7 x 1010 neutrophilic leukocytes (the most abundant type of white 

blood cells) [5] are produced every day in the human body. These healthy blood cells 

are derived from the differentiation of the HSC.  HSCs reside in the bone marrow, a 

soft, fatty, vascular tissue that fills most bone cavities. Although HSCs are less than 

1% of the total cells in the bone marrow, they are critical to the maintenance of the 

mature blood and immune cells within adults.  

 Bone marrow transplantation requires that healthy donor bone marrow stem 

cells injected into the blood of a patient migrate (or “home”) to the patient’s bone 

marrow, find their appropriate “niche” and subsequently repopulate the body with 

healthy blood cells stemming from those injected healthy donor stem cells. For this 

treatment to work effectively, HSCs need to find their home in the bone marrow [6]. 

The homing process is established as a highly regulated process where HSC and HPC 

enter the bone marrow from the blood stream as subsequent event to transplantation. 

The process starts with the binding of E-selectin, constitutively expressed on the small 
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bone marrow sinusoidal endothelium, with its ligands on the HSC.  This initial 

interaction controls the tethering and rolling of the cell and hence slowing down, 

leading to subsequent events culminating in the transmigration into the bone marrow 

niche (Figure 1.1). 

 

1.2 Selectins, their ligands, and their role in controlling cell migration 

Selectins are defined as adhesion molecules that are critical for leukocyte trafficking 

and hemostasis. Subsequently, their role has been found to be associated with many 

diseases including cancer [7-10]. They are type-I transmembrane glycoproteins that 

all bind carbohydrate ligands in a calcium dependent manner and include a family of 

three proteins to date: E-selectin, P-selectin and L-selectin. They share similar 

topological structures composed of an N-terminal extracellular C-type lectin like 

domain, followed by an Endothelial Growth Factor domain (EGF), a defined number 

of consensus repeats (also called “sushi” domains) with 60 amino acid per motif, a 

transmembrane domain and a C-terminal cytoplasmic tail [11, 12] (Figure 1.3). 
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Figure 1.3: Selectins domain structure. Each of P-, E- and L-selectin is composed of the same type 
of domains: an N-terminal C-type lectin domain (purple) followed by EGF-like domain (green) and 
both represent the binding region of Selectins. Next, a spacer of variable numbers of consensus repeats 
(sushi domains) where P-selectin consist of nine sushi domains, E-selectin consist of six sushi domains 
and L-selectin consist of three sushi domains. The final section of the structure is composed of a 
transmembrane domain spanning the cellular membrane followed by a C-terminal cytoplasmic tail. 
This figure is from [13]. 

 

 

The Selectins are named based on where they were first found to be expressed: L-

selectin was first found on Leukocytes, P-selectin was first found on Platelets (but 

also subsequently is expressed on endothelial cells) whereas E-selectin was first found 

on Endothelial cells.   

The function and specificity of a selectin to specific ligand is determined by the 

length of the CR domain of the selectin, the structure of the lectin-like domain of the 

selectin and the unique glycosylation on the surface of the ligand that is recognized by 

lectin-like domain of the selectin [1]. Residues of EGF-like domains may contribute 

less to binding [14-17]. The number and length of CRs facilitates the recognition 
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between selectin and their ligands because it allows the selectin to extend beyond the 

negatively charged cloud of the glycocalyx.  

All Selectins show affinity towards the prototype sialylated and fucosylated structures 

known as sLex (NeuAcα2-3Gal1-4[Fucα1-3]GlcNAc1-R) expressed on either a 

glycoprotein or glycolipid backbone [1]. 

 
The binding of the selectin’s lectin domain to its sLex decorated ligand is mediated by 

electrostatic interactions specifically between the positively charged amino acids in 

the lectin domain with the negatively charged fucose and sialic acid [18] on the sLex 

structure (Figure 1.4). 

 

 

Figure 1.4: Crystal structure of E-selectin binding domain (lectin) in complex with sLeX. An 
extensive electrostatic interaction of lectin domain residues (shown in turquoise) with sLeX residues 
(shown in green). galactose (Gal) and N-acetylneuraminic acid (NeuNAc) sialic acid (SA) interacts 
with lectin residues where fucose (Fuc) (represented as dashed lines for calcium ligation and hydrogen 
bonds) makes extensive interactions with several residues in the lectin domain and it also coordinates 
with a Ca2+ (shown as yellow sphere). This figure is modeled based on data published in [19]. 
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Functional selectin ligands require post-translational modification of scaffold proteins 

by glycosyltransferases (GTs) and sulfotransferases [20-23]. The minimal recognition 

motif for selectin is sLex or its isomer sLea that requires α1,3 or α1,4 fucosyl 

transferase, α2,3 sialyltransferase, β1,4 galactosyltransferase and β1,6 N-acetyl-

glucosaminyltransferase and expressed on either O-glycan or N-glycan chains [21, 

23]. 

High sensitivity of cells’ ligands to neuraminidase treatment in cell-cell adhesion 

assays revealed that selectin-dependent adhesion relies on sialic acid. Also, it has 

been proved that fucose is a requirement for all three Selectins for recognizing 

ligands-representing cells. Moreover, L- and P-selectin but not E-selectin additionally 

requires sulfation on their corresponding biological ligands [24, 25]. Interestingly, 

these moieties are not always present on the same carbohydrate chain terminus. For 

example, the sulfate moiety modifies 1-3 tyrosines of the backbone of PSGL-1 (P-

selectin ligand glycoprotein) that is known to be the major physiological ligand for P-

selectin [7, 25, 26]. 

 

Many ligands have been proposed to be exclusively selectin ligands for a certain type 

or for more than one selectin. For a molecule to be considered as a selectin ligand, it 

has to fulfill completely or partially specific criteria as follows: 1) A spatiotemporal 

regulated expression. 2) Abolishment of interaction upon ligand selective removal or 

blockage on the ligand presenting cells. 3) Abolishment of ligand binding function 

upon removal and 4) Selective recognition of the ligand by the specific selectin [27]. 

Moreover, since the enzymes responsible for sLeX synthesis are found in the late part 

of the Golgi body, several glycoproteins of myeloid cells could have the same sugar 

motifs. Therefore, these glycoproteins, such as leukosialin and L-selectin, have the 
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ability to interact with P-selectin and /or E-selectin in vitro [27]. 

 

PSGL-1 was discovered as the biological ligand that can bind in high affinity to P-

selectin [28-31]. Several studies have shown that PSGL-1 fulfills all the criteria as a 

P-selectin ligand when properly glycosylated and tyrosine sulfated. Although it can be 

recognized by L- and E-selectin, it binds in a relatively more selectivity to P-selectin 

[27]. 

 

 

Furthermore, Glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1), CD34, 

200 kDa glycoprotein (gp200) and Mucosal vascular addressin cell adhesion molecule 

1 (MAd-CAM-1) have been identified as L-selectin ligands that can bind in a 

relatively high affinity [32-36]. All formerly mentioned ligands have been found as 

sialomucins that are O-linked by sugar chains on the backbone of the polypeptide. 

ESL-1 another type of ligands that has been identified as glycoproteins linked to N-

linked sugar chains that when correctly decorated with sLeX [37, 38] could recognize 

and interact with E-selectin while CD24 can interact with P-selectin [39]. 

 

E-selectin is constitutively expressed on bone marrow endothelium and is believed to 

recruit hematopoietic stem cells home to the bone marrow as well as be important for 

their maintenance within the bone marrow niche [40, 41]. Hence a major interest in 

our lab is to more specifically understand this interaction physically and biologically. 

Several studies showed that E-selectin (CD62E) could be expressed on endothelial 

cells after resident activation [7]. However, low levels of E-selectin have been found 
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to be expressed on non-activated synovium that is upregulated in synovial 

endothelium upon inflammation associated with rheumatoid arthritis (RA) [42-45]. 

Furthermore, constitutively expressed E-selectin has been found in the skin and parts 

of bone marrow microvasculature [46-48], while de novo synthesis and expression is 

stimulated by inflammatory agents such as Tumor Necrosis Factor (TNF), 

Interleukin-1 (IL-1), disturbed blood flow [7, 49], and bacterial lipopolysaccharide 

(LPS) [12, 50, 51].  Some studies have elucidated the role of lectin/EGF domain as 

the key interactors with leukocytes whereas the role of consensus repeats region has 

not been well defined yet. However, It is speculated that they act as spacers to 

separate other domains from the cell surface [52]. 

 
 
1.3 Tools to study biophysical properties of Adhesion molecules 

The interaction of Selectins with their ligands provides an excellent model system to 

study the complex mechanism of cell adhesion at the molecular level. Biochemical 

and biophysical characterization proposed several models as to how Selectins interact 

with their ligands and how the association and dissociation rates of these interactions 

are influenced by shear force [53]. Chen and Springer conducted flow assays of 

neutrophils on P-selectin substrate while manipulating the levels of shear force using 

different viscosities. These studies demonstrated that formation of the receptor-ligand 

bond showed efficiencies that are directly related to the shear rate and not shear stress. 

On the other hand, dissociation of the bond was found to be a function of shear stress 

[54]. Therefore, the behavior of this type of adhesion can be hypothesized as “catch 

bond” that becomes stronger with force, which becomes resistance to shear force until 

a certain threshold is reached where this effect is reversed as “slip bonds” behavior 
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[55]. This behavior is consistent with the Hookean spring model that hypothesized 

that the bond has a property similar to a spring mechanical [56, 57]. 

Additionally, It was established that the selectin ligand-bond is remarkably strong 

where the koff increases abstemiously as force is applied [58]. Furthermore, crystal 

structures of P- and E-selectin that consist of the lectin/EGF portion exhibited two 

conformational states: the bent and extended conformation [19, 59] (Figure. 1.5) 

where they differ in the coordination between lectin and EGF domains and the 

conformational change of the ligand-binding site. The bent conformation is displayed 

in the absence of the corresponding ligand [59]. The P-LE (P-selectin consisted of 

lectin and EGF domains) crystals has shown to be close to the conformation adopted 

also by E-LE (E-selectin consisted of lectin and EGF domains) which is reasonable 

when considering the 60% similarity of lectin/EGF domains between Selectins [59]. 

Also, P-LE lectin/EGF domains contribute by a small portion of the interface upon 

interaction which makes the interdomain more maintained and the amount of 

differences even smaller. Nonetheless, movement of several EGF loops and the 

interdomain pivot loops in P-LE can raise small differences between the two 

molecular structures [19]. When introducing sLeX as the minimal ligand structure by 

soaking into bent shaped selectin crystals, it was also binding to the bent 

conformation of P- and E-selectin. Nonetheless, cocrystals were formed by PSGL-1 

resulted in the extended conformation for P-selectin [19]. Also, these structural 

experiments showed that selectin and sLeX interactions are completely electrostatic 

[59] Furthermore, Hydrogen bonds that are present in the lectin-EGF interface 

contribute to the stabilization of the two conformational states [60]. 
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Figure 1.5: The bent and extended conformations of Selectins. Left: crystallization of the bent 
conformation of P- and E-selectin has been done in different lattice environment in the absence of their 
ligand (E-selectin : gray; P-selectin chains A–D, yellow, magenta, cyan, and wheat, respectively).  
Right: crystallization of the extended conformation of P- has been done in different lattice environment 
in the presence of its ligand (carbohydrate portion sLex) (P-selectin chains A and B cyan and yellow, 
respectively). Ligand carbohydrate residues are shown in stick (green) with red oxygen and blue 
nitrogen atoms). This figure is adopted from [13, 60].  

 

Even through that the conformational change upon binding to sLeX has not been 

observed in the crystals of P-LE and E-LE crystals, it is hypothesized that 

conformational dynamics is restricted by steric associations in the formed crystals 

[19]. 

The dynamic conformational shift from the unbound or sLeX bound conformations to 

the highly resistance extended conformation is expected to happen in one of two 
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approaches: either interactions involving the binding site with PSGL-1 can be 

responsible for triggering conformational change that can be transferred from the 

binding face of the lectin domain to the lectin/EFG domains. The other possibility 

suggests that disruption of the lectin/EGF interface unspecifically can induce 

conformational shift to the extended favorable conformation that is transmitted up 

through the EGF/lectin until the lectin domain face reaching the binding site of 

PSGL-1. These type kinds of questions need further investigation in order to be 

addressed [19]. 

Biological reactions have shown to be stochastic where the dynamic behavior of 

individual involving molecules is averaged and cannot be analyzed directly and 

quantitatively through ensemble-based experiments. In vivo, biomolecules perform 

more dynamically in more complicated systems that are including different types of 

molecules, as seen in complex adhesion processes such as homing [61]. 

Single molecule techniques are expected to overcome these kinds of difficulties in 

unraveling the dynamics behavior of individual biological molecules, which is critical 

in understanding their function. Since biological molecules are in nanometers, which 

is considered very small for optical microscopy visualization, such molecules can be 

subjected to fluorescent labeling and further visualized by fluorescent microscopy 

[61]. 

Fluoresce resonance energy transfer (FRET) can be employed to monitor in real time 

the conformational dynamics of proteins upon association and dissociation of ligands 

in vitro and in vivo directly [62]. This technique allows sensitive measurements of the 

changes encountered in the protein structural conformation by measuring FRET 

efficiency in a distance dependent manner between two fluorophores. The Overlap 
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between the emission spectrum of a donor fluorophore in one location of the protein 

and the excitation spectrum of an acceptor fluorophore located on another site of the 

protein when they are in close proximity in the range of one to ten nanometers [61]. 

 

 

Figure 1.6: Fluorescent labeling of selectin at two locations on the protein for unraveling selectin 
dynamic behavior by FRET. Doner (D) and acceptor (A) flourophores are located in two different 
locations on the protein and FRET efficiency is measured in a distance dependent manner (1-10 nm). 
When the two flourophores are in close proximity to each other, the donor transfers the photon to the 
acceptor and the acceptor fluoresces (bent conformation). The longer the distance becomes between the 
two flourophores the lower the FRET efficiency. When the two flourophores are far away from each 
other, the donor fluoresces without the acceptor. This figure is adopted from (extended conformation) 
[60, 61] 

 

 

In the work discussed here we have optimized the conditions for constructing three 
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independent recombinant E-selectin constructs with differing numbers of sushi 

domains: full-length mE-IgG-Bio1 with a terminal human IgG domain, mE-Bio2 with 

two sushi domains and mE-Bio3 with no sushi domains. Furthermore, viral particles 

were prepared and expression of mE-Bio2 and mE-Bio3 was detected in Sf9 insect 

cells by FACS analysis. Additionally, CHO-K1 mammalian cells were subjected to 

transfection by prepared recombinant expression vectors of mE-Bio2 and mE-Bio3 

and expression of each recombinant vector was detectable by FACS and Western blot 

analysis. 

 In each construct, a terminal second histidine was included here in order to improve 

the purification efficiency of the recombinant proteins. Additionally, an internal biotin 

tag (mE-IgG-Bio1, mE-Bio2 and mE-Bio3) was included for immobilization for later 

functionality assays.  

Furthermore future work will include optimization of infection and transfection 

efficiencies in order to purify proteins in sufficient amounts, correct post-translational 

modifications and functionality. Subsequently, FRET experiments will be conducted 

where two flurophores (a donor and an acceptor) will be incorporated in two locations 

of the Lectin/EGF domains to monitor the FRET efficiencies in a distance dependent 

manner. These kinds of single molecule experiments will allow us to observe in real 

time the dynamic conformational shift from the bent (bound) conformation to the 

extended (unbound) conformation and the different possible intermediate 

conformations. Moreover, several physical factors that can affect the conformational 

dynamics will be included, such as the effect of different ligands that could trigger the 

conformational shift or cause differing effects according to their level of affinity and 

also, the influence of varying velocities of different shear rates and shear forces on the 
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binding and unbinding and conformational dynamic associated with each event. It is 

expected that information obtained from these assays can allow us to gain a deeper 

understanding of the details of such a complex adhesion process at the molecular 

level. 
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2. Materials and Methods 

2.1 PCR reactions 

E-selectin constructs have been prepared by Polymerase Chain Reactions (PCR) 

where mE-IgG-Bio-1 included two stages of PCR; the first one was done in a 30 µL 

final volume mixture of 3 µL of 2 mM deoxy nucleotides diphosphate (dNTPs) 

purchased from Invitrogen, 3 µL of 10X Pyrococcus furiosus DNA polymerase buffer 

(Pfu buffer). mE-IgG chimera common construct has been synthesized and cloned 

into p-EX-k by eurofins mwg operon and used as the template by including 1 µL of 

the recombinant plasmid to the PCR mixture. Likewise, 2 µL of 10X forward primer 

caccATGAATGCCTCGCGCTTTCTCTCTGC, 2 µL of 10X reverse primer 

CCCAACTGTGAGCAAtccggcctgaacgacatcttcgaggctc, 2 µL of 100X reverse primer 

AGGTTttcgtgccattcgattttctgagcctcgaagatgt and 0.4 µL Pfu DNA polymerase have 

been added in 16.6 µL of autoclaved milliQ H2O. PCR conditions included an initial 

95°C denaturation for one cycle for 30 seconds followed by a 29 cycles of 95°C 

denaturation for 30 seconds, a 55°C annealing for 30 seconds and a 72°C extension 

for one minute. Similarly, a second PCR reaction was done to obtain the second 

fragment with the replacement of 10X diluted forward and reverse primers: 

atggcacgaaAACCTGTATTTTCAGaGCGCTGTGACTTGCAAA and 

tcaatgatgatggtgatgatgTTTACCCGG in 18.6 µL of autoclaved milliQ H2O, 

respectively. Also, extension step was done for 2 minutes.  

 

Each PCR product was purified using PCR Purification Kit purchased from Qiagen 

by mixing 29 µL of the PCR product with 145 µL of PB buffer and placing the 
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mixture into a QIAquick spin column followed by centrifugation for one minute at 

13,000 revolutions per minute speed (rpm) and discarding of the flow-through. 

Washing of the column was done by adding 750 µL of PE buffer to the column and 

centrifuging for another one minute at 13,000 rpm and discarding the flow-through. 

Finally, the PCR products were eluted by adding 50 µL of pre-warmed EB buffer, 

incubating the column for five minutes on ice and centrifuging for one minute at 

13,000 rpm. 

 

Subsequently, Each fragment was cloned into pZERO-2 and obtained further from the 

recombinant plasmid by another PCR, where pZErO-2 - fragment-1 undergone a PCR 

reaction using the same conditions as the previous corresponding PCR with replacing 

the forward primer caccATGAATGCCTCGCGCTTTCTCTCTGC with 

ATGAATGCCTCGCGCTTTCTCTCT. On the other hand, fragment-2 was obtained 

from the pZErO-2- fragment-2 recombinant vector by a PCR reaction that applies the 

same reaction components and conditions of the former corresponding reaction except 

for using a different set of reverse PCR primers that incorporate a second histidine tag 

followed by an XhoI restriction enzyme (RE) site as follows: 

CCAAGCTCTTGAatgatgatggtgatgatgTTTAC (100X), 

catTCAAGAGCTTGGCGTCATCCGCAGTTCGGTGG (100X), 

tcaGTGATGGTGATGGTGATGACCACCGAACTGCGga (100X) and 

aggttaCTCGAGtcaGTGATGGTGATGGTGATGAC (10X), respectively. 

Finally, using the produced fragment from the two latest PCR reactions, Splicing by 

Overlapping PCR (SOP) (Figure 2.1) was done in a 30 µL PCR reaction that included 

the following components:  
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3 µL of 2 mM dNTPs, 3µL of 10X Pfu buffer, 1µL of each produced fragment from 

the two pervious reaction, 2 µL of 10X forward primer 

caccATGAATGCCTCGCGCTTTCTCTCTGC, 2 µL of 10X reverse primer 

tcaatgatgatggtgatgatgTTTACCCGG and 0.4 µL DNA polymerase in 18.6 µL of 

autoclaved milliQ H2O. PCR conditions included an initial 95°C denaturation for one 

cycle for 30 seconds followed by a 29 cycles of 95°C denaturation for 30 seconds, a 

55°C annealing for 30 seconds and a 72°C extension for three minutes. 
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Figure 2.1: mE-IgG-Bio1 construction. Two PCR reactions were performed to obtain mE-IgG-Bio1 
construct: the first reaction was achieved to produce fragment-1 (500 bp) with biotin tag followed by 
protease tag and fragment-2 (2000 bp) with protease tag and a second terminal histidine tag for the next 
subsequent reaction. Consequently, Splicing by Overlapping PCR (SOP) was done using the resulted 
fragments to produce the full-length mE-IgG-Bio1 (2520 bp). 

 

On the other hand, two sequential PCR reactions were accomplished to construct mE-

Bio2 (Figure 2.2) and mE-Bio3 (Figure 2.3) by employing fragment-1 from the earlier 

mE-IgG-Bio1 construction as a template.  

For mE-Bio2, the first PCR reaction was done in a 30 µL mixture of 3 µL of 2 mM 

dNTPs, 3 µL of 10X Pfu buffer, 1 µL of fragment-1, 2 µL of 10X forward primer 

caccATGAATGCCTCGCGCTTTCTCTCTGC, 2 µL of 100X reverse primer 

CCCAACTGTGAGCAA-tccggcctgaacgacatcttcgaggctc, 2 µL of 100X reverse primer 

tccggcctgaacgacatcttcgaggctcagaaaatcgaatggcacgaacatcatcacc, 2 µL of 10X reverse 

primer aggtta-CTCGAG-tcaatgatgatggtgatgatgtt and 0.4 µL Pfu DNA polymerase in 
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10.6 µL of autoclaved milliQ H2O. PCR conditions included an initial 95°C 

denaturation for one cycle for 30 seconds followed by a 29 cycles of 95°C 

denaturation for 30 seconds, a 55°C annealing for 30 seconds and a 72°C extension 

for 2 minutes. 

 

Figure 2.2: mE-Bio2 construction. PCR reaction was done using fragment-1 from mE-IgG-Bio1 
construction as a template to remove protease tag and to include two suchi domains followed by the 
original biotin tag. Furthermore, a second histidine tag was included to produce the final mE-Bio2 
construct with 1200 bp.  

 

For making mE-Bio3, the first PCR was done identically to the first PCR reaction for 

mE-Bio2 with the replacement of the reverse primer 

CCCAACTGTGAGCAAtccggcctgaacgacatcttcgaggctc with 

CCATCATGCAAAGCTtccggcctgaacgac. Moreover, Resulted initial mE-Bio2 and 

mE-Bio3 constructs were purified for subsequent reactions. A second PCR reaction 

was done for both purified PCR products (mE-Bio2 and mE-Bio3) separately to add 
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the second histidine followed by an XhoI RE site, where 3 µL of 2 mM dNTPs, 3 µL 

of 10X Pfu buffer, 1 µL of mE-Bio2 or mE-Bio3, 2 µL of 10X forward primer 

ATGAATGCCTCGCGCTTTCTCTCT, 2 µL of 100X reverse primer 

CCAAGCTCTTGAatgatgatggtgatgatgttcgt, 2 µL of 100X reverse primer 

catTCAAGAGCTTGGCGTCATCCGCAGTTCGGTGG, 2 µL of 100X reverse 

primer tcaGTGATGGTGATGGTGATGACCACCGAACTGCGga, 2 µL of 10X 

reverse primer aggttaCTCGAGtcaGTGATGGTGATGGTGATGAC and 0.4 µL Pfu 

DNA polymerase in 8.6 µL of autoclaved milliQ H2O were the components of a 30 

µL PCR reaction. PCR conditions included an initial 95°C denaturation for 1 cycle for 

30 seconds followed by a 29 cycles of 95°C denaturation for 30 seconds, a 55°C 

annealing for 30 seconds and a 72°C extension for two minutes.  
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Figure 2.3: mE-Bio3 construction. PCR reaction was done using fragment-1 from mE-IgG-Bio1 
construction as a template to exclude the protease tag leaving only the original biotin tag and 
furthermore, a second histidine tag was included to produce the final mE-Bio2 construct with 1200 bp.  

 

Later, Colony PCR was done to pDEST8-mE-Bio2, pDEST8-mE-Bio3, pEF-

DEST51-mE-Bio2 and pEF-DEST51-mE-Bio3 recombinant vectors to confirm the 

success of the cloning process. Templates for PCR reaction were prepared by diluting 

each colony in 10 µL autoclaved milliQ H2O, incubated at 65°C for five minutes and 

cooled on ice before use. Each PCR reaction included 3 µL of 2 mM dNTPs, 3 µL of 

10X Pfu buffer, 1 µL of template, 2 µL of 10X forward primer 

caccATGAATGCCTCGCGCTTTCTCTCTGC, 2 µL of 10X reverse primer 

CCAAGCTCTTGAatgatgatggtgatgatgttcgt and 0.4 µL Pfu DNA polymerase in 18.6 

µL of autoclaved milliQ H2O. PCR conditions included an initial 95°C denaturation 

for one cycle for 30 seconds followed by a 29 cycles of 95°C denaturation for 30 

seconds, a 55°C annealing for 30 seconds and a 72°C extension for two minutes. 
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Furthermore, PCR reaction was done on purified plasmids to insure the stability of the 

insert using the same components and conditions of the colony PCR.  

 

Lastly, DH10Bac white colonies and Genehogs colonies with the recombinant 

bacmids with mE-Bio2 and mE-Bio3 were picked for colony PCR to test the success 

of the transposition process into DH10 bacmid using the same components and 

conditions as the previously described colony PCR with a different set of primers: 

10X forward primer CACACAGGAAACAGCTATGACCATGATTAC, 10X reverse 

primer TCCCAGTCACGACGTTGTAAAACGACGGCC, 10X reverse primer 

CGTAGCCAACCACTAGAACTATAGCTAGAG. 
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2.2 DNA gel electrophoresis analysis and gel extraction 

Every resulted PCR product for each constructed mE-selectin was prepared by mixing 

1 µL of the sample with 1X loading dye in 1:1 ratio. Prepared samples were loaded 

into 20 mL of 0.5% agarose gel and electrophoresis was performed in 1X 

Tris/Acetate/EDTA (TAE) buffer at 75 Voltage for around 45 minutes for fragment-1, 

50 minutes for fragment-2, 50 minutes for mE-IgG-Bio1 and 40 minutes for mE-Bio2 

mE-Bio3 and ran against 10X 1 kb DNA ladder (Invitrogen). Resulted gels were post-

stained with 5000X diluted Gel-star gel stain (Lonza) in 40 mL final volume of 

reverse osmosis (RO) water for around one hour and visualized under ultraviolet 

(UV) lamp at a wave length of 320 nm for 100 ms exposure time. 

mE-IgG-Bio1 initial visible gel band has undergone gel extraction to exclude the 

lower second unspecific band by mixing 10 µL of resulted mE-IgG-Bio1 construct 

with 1X loading dye in 1:1 ratio. Furthermore, the total mixture was loaded into 20 

mL of pre-stained 1.5% low melting point agarose  (LMP) for one hour at 75 Voltage. 

Next, desired band was cut with minimum agarose residues and mixed it with 459 µL 

of QG buffer followed by incubation at 50°C incubation with 300 rpm shaking every 

two minutes. Then, 153 µL of isopropanol was added and the final mixture was 

placed into a QIAquick spin column and centrifuged for one minute at 13,000 rpm 

with discarding the flow-through. Next, the column was washed by 750 µL PE buffer 

and flow-through was discarded. Finally, the pure product was eluted by 50 µL of 

pre-warmed EB buffer, incubated for five minutes on ice and centrifuged for one 

minute at 13,000 rpm (Qiagen gel extraction kit). 
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Products of the PCR reactions for pDEST8-mE-Bio2, pDEST8-mE-Bio3, pEF-

DEST51-mE-Bio2 and pEF-DEST51-mE-Bio3 were prepared my mixing 1 µL of the 

sample with 1X loading dye in 1:1 ratio and loaded into 0.5% agarose gel. 

Electrophoresis was done at 75 voltage for around 50 minutes. Subsequently, 

SYBRGold (Invitrogen) post-staining was done by 5000X diluted stain in 40 mL final 

volume of RO water for around one hour and finally the bands were visualized under 

UV lamp. 

 

2.3 Ligation mediated cloning and bacterial transformation 

Cloning of fragment-1 and fragment-2 was done into a pZeRO-2 easy cloning vector 

(Invitrogen). pZErO-2 fragment was prepared by digestion in a 20 µL volume mixture 

that contained 2 µL of 10X NEBuffer 3 (New England Biolabs-NEB), 2 µL of 10X 

Bovine Serum Albumin (BSA) from New England Biolabs-NEB that was preheated 

for ten minutes at 65°C to inhibit any nucleases activity, 2 µL of pZErO-2 plasmid, 

0.4 µL of EcoRV restriction enzyme (New England Biolabs-NEB) in 13.6 µL 

autoclaved milliQ H2O.  

Moreover, mE-Bio2 and mE-Bio3 were cloned into pENTR11 cloning vector 

(Invitrogen) by digestion and ligation reactions, where pENTR11, mE-Bio2 and mE-

Bio3 were digested separately with two enzymes in a reaction mixture of 20 µL 

volume with the following components: 2 µL of 10X NEBuffer 2 (New England 

Biolabs), 2 µL of 10X BSA preheated for ten minutes at 65°C, 2 µL of pENTR11, 

mE-Bio2 or mE-Bio3, 0.4 µL DpnI and XhoI restriction enzymes (New England 

Biolabs) in 13.2 µL autoclaved milliQ H2O.  
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Correspondingly, fragment-1, fragment-2 were cloned into pZErO-2 while mE-Bio2 

and mE-Bio3 constructs were cloned into pZErO-2 and pENTR11 by a ligation 

reaction that consisted of 2 µL of 10X T4 DNA ligase buffer (Invitrogen), 6 µL of 

pZErO-2 or 2 µL of pENTR11, 2 µL of the construct, 1 µL of T4 DNA ligase 

(Invitrogen) in 9 µL (for pZErO-2 cloning) or 13 µL (for pENTR11 cloning) of 

autoclaved milliQ H2O. 

 

Each recombinant plasmid (2 µL) was transformed into Genehogs electro-competent 

bacterial strain (Invitrogen) (25 µL) that was subjected to electroporation at 1.5 kV 

with a time constant of three to four milli-seconds (ms). Cells were immediately 

provided with 1000 µL of SOC media and lastly, incubated at 37°C with a shaking 

speed of 300 rpm for one hour. Transformed cells were then centrifuged at an relative 

centrifugal force (rcf) of 6.6 x g for two minutes in order to concentrate the cellular 

mass by removing the excess amounts of supernatant and re-suspending the cellular 

pellet with the remaining media. Conclusively, cells were spread on Kanamycin (50 

µg/mL)/Tetracyclin (IBI Scientific) (10 µg/mL) LA media plates (Fisher Scientific) 

and incubated at 37°C for one day. Subsequently, inoculation of single colonies was 

done into 3 mL of LB media with 50 µg/mL Kanamycin and incubated in a 37°C with 

200 rpm shaking speed incubator for one day. Next, cells’ suspension was centrifuged 

for ten minutes at 3000 rpm and preparation of plasmids was preceded using QIAprep 

Miniprep kit from Qiagen by resuspending pelleted bacterial cells in 250 µL of P1 

buffer. Suspension was transferred to a microcentrifuge tube where 250 µL of P2 

buffer was added to each tube and mixing by inversion was done six times. Mixture 
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was centrifuged for ten minuets at 13,000-rpm speed to remove any cellular debris 

and supernatant was placed in a QIAprep spin column and centrifuged for one minute. 

Later, the column was washed by 750 µL of PE buffer and flow-through was 

discarded. Finally, the DNA material was eluted by 50 µL of pre-warmed EB buffer, 

incubated on ice for five minutes and centrifuged at 13,000-rpm speed for one minute. 

Furthermore, LR reaction was performed on recombinant pENTR11-mE-Bio2 and 

pENTR11-mE-Bio3 entry vectors with the addition of pDEST8 (for insect cells) or 

pEF-DEST51 (for mammalian cells) (Invitrogen) (Figure 2.4) to obtain the expression 

vector for further experiments. Each LR reaction included 0.5 µL of LR clonase 

(Invitrogen) with 0.5 µL Tris-EDTA buffer (TE) (10 mM Tris at 8.0 pH and 1 mM 

EDTA) as a master mix, 0.5 µL of 150 ng/µL of pENTR11, 0.5 µL of 150 ng/µL of 

pDEST8 or pEF-DEST51 and 0.5 µL TE buffer. 

 

Figure 2.4: LR reaction. LR reaction performed by GATEWAY LR clonase that can recognize 
transposition sites flanking the gene of interest (goi) (attL1 and attL2) in the entry vector and 
additionally, cut in the indicated locations. Next, LR clonase recognizes the transposition sites in the 
destination vector and exclude the stuffer ccdB gene between the attR1 and attR2 by restriction and 
furthermore, ligate the goi in replacement in a new vector known as the expression vector that include 
the goi flanked between new sites attB1 and attB2 where each one consist of portions of attL1 and 
attR1, attL1 and attR1. This figure is from Invitrogen manual (Gateway Technology, 2010). 

 

LR reaction mixture was incubated for one hour at 25°C. Later, 1 µL of proteinase K 

(ProK) (Ambion) was added and the mixture was incubated for ten minutes at 37°C. 
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Next, OneShot Stbl03 chemically competent bacterial strain (Invitrogen) was 

subjected to transformation with the reaction mixture by mixing 50 µL of cells with 2 

µL of expression plasmids, followed by incubation on ice for 30 minutes, heat-

shocking at 42°C for 45 seconds, incubation on ice for two minutes, providing the 

transformed cells with 1 mL of Super Optimal broth media with glucose (SOC) from 

Invitrogen and finally incubation at 37°C with shaking at 300 rpm speed for one hour. 

Later, transformed cells were centrifuged at 6.6 x g (rcf) for two minutes to remove 

excess media and resuspending the cellular pellet with residual media. Finally, cells 

were grown on 50 µg/mL Ampicillin (IBI scientific) LA media plates and incubated 

overnight at 37°C. Consequently, candidate colonies were inoculated into a 3 mL LB 

broth media with 50 µg/mL Ampicillin and incubated in a 30°C with 200 rpm 

incubator for one day. Later, preparation of plasmids was done using QIAprep 

Miniprep kit. 

 

Likewise, DH10Bac competent bacterial cells (Invitrogen) were subjected to 

transformation by introducing 5 µL of purified resulted expression vectors to 50 µL of 

bacterial cells. Cells were incubated on ice for 30 minutes, heat-shocked at 42°C for 

45 seconds, incubated on ice for two minutes, and finally incubated at 37°C with 300 

rpm shaking for four hours after the addition of 1000 µL of SOC media. Transformed 

cells were then centrifuged at 6.6 x g (rcf) for two minutes to concentrate the cellular 

mass. Kanamycin (Fisher Scientific) (50 µg/mL), Gentamycin (IBI scientific) (7 

µg/mL) and Tetracycline (IBI scientific) (10 µg/mL) LA plates were prepared with 

spreading half of the plate with a layer of the β-galactosidase substrate mix containing 

20 µL of 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (X-gal) (Macron Fine 
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Chemicals), 2 µL of Isopropyl β-D-1-thiogalactopyranoside (IPTG) purchased from 

Acros Organics and 40 µL milliQ water. Transformed cells were further spread on the 

plates incubated at 37°C for 48 hours.  

Accordingly, inoculation of candidate colonies was done into a 3 mL LB broth media 

with 50 µg/mL Ampicillin and incubated in a 30°C with 200 rpm incubator for one 

day. Then, purification of plasmids was achieved using QIAprep Miniprep kit as 

described previously.  

 

A second round of transformation was done to ensure the purity of the bacmids where 

50 µL of Genehogs bacterial strain was mixed with 5 µL of purified bacmids, mixture 

was placed in pre-chilled electroporation cuvette and subjected to electroporation at 

1.5 kilovolt (kV) with a time constant of three to four ms, immediately provided with 

1000 µL of SOC media and lastly, incubated at 37°C with a shaking speed of 300 rpm 

for one hour. Transformed cells were then centrifuged at 6.6 x g (rcf) for two minutes 

to concentrate the cellular mass. Then, cells were spread on Kanamycin (50 

µg/mL)/Tetracyclin (10 µg/mL) LA media plates and incubated at 37°C overnight. 

Colonies with the correct recombinant bacmid were inoculated into a 3 mL LB with 

Kanamycin (50 µg/mL)/Tetracyclin (10 µg/mL) and incubated for overnight at 37°C 

with shaking at 200 rpm. Bacmids were purified by QIAprep Miniprep kit from 

Qiagen for the next transformation of insect cells experiments. 

 

Additionally, Rosetta gami2 (DE3) pLysS competent bacterial strain (Invitrogen) was 

transformed with pCold-mE-IgG expression vector (Invitrogen). In this 
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transformation experiment, 10 µL of 100X pCold-mE-IgG was incubated with 50 µL 

of cells on ice for 30 minutes. Next, cells were heat-shocked at 42°C for 45 seconds, 

incubated on ice for two minutes, supplemented with 1 mL of SOC media and finally 

incubated at 37°C for five minutes. Cells were then centrifuged at 6.6 x g (rcf) for two 

minutes and excess media was discarded and cellular pellet was resuspended with 

remaining media. Finally, the cells were grown at 15 µg/mL Kanamycin/34 µg/mL 

Chloramphenicol (Fisher Sceintific) /12.5 µg/mL Tetracycline LA media plates and 

incubated for two days at 37°C. Healthy growing colonies were inoculated into 5 mL 

of LB media containing 15 µg/mL Kanamycin, 34 µg/mL Chloramphenicol and 

Tetracycline 12.5 µg/mL in 15 mL tube and incubated at 30 °C with 200 rpm shaking 

speed for two days. Next, amplification of the culture was done by transferring 1 mL 

of each inoculant into 5 mL LB media with 15 µg/mL Kanamycin, 34 µg/mL 

Chloramphenicol and Tetracycline 12.5 µg/mL in 50 mL tube in four replicates and 

incubated at 30 °C with 200 rpm shaking speed for two days (Figure 2.5). 

 

Figure 2.5: Inoculation of candidate colonies and expansion of culture. Each candidate colony was 
inoculated into a 5 mL LB media in a 15 mL tube. To expand the culture for the subsequent induction 
experiment, 1 mL from each inoculant was transferred into a 5 mL LB media in a 50 mL tube (four 
replicates were made for four different IPTG concentrations). 
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Induction of expression was done by adding 0.1 mM, 0.2 mM, 0.3 mM and 10 mM of 

IPTG. Finally, cultures were incubated at 15°C for 24 hours. 

 

2.4 Virus preparation and Sf9 cells infection 

Spodoptera frugiperda insect cells  (Sf9) (Invitrogen) were cultured and maintained at 

a density of 2 million cells per milliliter. Cells were sub-cultured every six days and 

allowed to grow in a serum-free media (Sf-900 III SFM) purchased from Invitrogen at 

a temperature of 28°C with 100 rpm shacking speed. Counting of the cells was done 

under the microscope and samples were prepared by mixing cells with Trypan blue 

dye (Cellgro) at a 1.3 dilution factor.  

 

Virus particles were prepared for insect cells (Sf9) infection by using insect cells at a 

density of 2 x 106 cells/mL where seeding 8 x 105 cells was done in 2 mL of Sf-900 

III SFM media per well in a six-well plate (Corning Incorporate). Three wells were 

prepared as follows: negative control, mE-Bio3 and mE-Bio2. To allow the cells to 

adhere for the coming transfection procedure, cells were incubated at 28°C for 15 

minutes. Next, baculovirus DNA (bacmid)/cellfectin II transfection reagent 

(Invitrogen) mix was prepared for mE-Bio3 bacmid and mE-Bio2 bacmid 

individually by mixing 1 µL of bacmid with 100 µL of Sf-900 III SFM in one tube 

and mixing 8 µL of cellfectin II with 100 µL of Sf-900 III SFM in another tube. The 

two mixtures were mixed together by pipetting and left for 30 minutes for 

bacmid/cellfectin II complex to form. Furthermore, the formed DNA-lipid complexes 

of mE-Bio3 and mE-Bio2 were added drop-wise separately to the corresponding well 
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and transfected cells were incubated at 28°C for four hours. Lastly, the media in each 

well was exchanged with fresh Sf-900 III SFM and the 6-wells plate was sealed with 

parafilm (Parafilm M) to prevent evaporation incubation of the infected cells was 

done at 28°C with 100 rpm shaking speed for three days. Once the signs of viral 

infection starts appearing (increased cellular and nuclei size, detachment and cell 

lysis), media was collected and fetal bovin serum (FBS) (Invitrogen) was added to 

each viral particles at a 2% final concentration, filtered through a 0.45 µm filter and 

stored at 4°C in the dark as P1 viral stock for each of mE-Bio3 and mE-Bio2 

constructs. 

In order to amplify viral stock in quantities that are sufficient for subsequent 

expression experiments, 2 mL of the P1 viral stock was added to 1 x 108 cells in 50 

mL Sf9 cells at a density of 2 x 106 cells/mL. Thereafter, cells were incubated at 28°C 

with 100 rpm shaking speed for three days until the percentage of dead cells reached 

50% for infected cells. Next, media was collected at 500 x g (rcf) for ten minutes and 

supernatant was collected and FBS was added to each collected mE-Bio3 and mE-

Bio2 viruses at a final concentration of 2% and were passed though 0.45 um filters 

and stored at 4°C as P2 virus. As the last phase of viral amplification, 4 mL of each 

P2 viral stock fro mE-Bio3 and mE-Bio2 was added separately to 2 x 108 cells in 100 

mL Sf9 cells at a density of 2 x 106 cells/mL and incubated at 28°C with 100 rpm 

shaking speed for four days until the percentage of dead cells reached around 32% for 

mE-Bio3 and mE-Bio2 infected cells. Finally, P3 viral stock for each construct was 

collected by centrifugation at 500 g for ten minutes, addition of FBS was done at a 

final concentration of 2%, filtering through a 0.45 µm filter, and finally storing the 

viral stock at 4°C for later expression experiments.  
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Assuming that the viral titer of P3 virus was 5 x 108 pfu/mL, 100 mL of Sf9 was 

prepared at a density of 2 x 106 cells/mL and transfected with P3 virus was at 3 

multiplicity of infection (MOI). Cells were then incubated at 28°C with 100 rpm 

shaking speed and cells were harvested after 24, 48, 72 hours and 5 days for Western 

blot and Florescence activated cell sorting (FACS) analysis.  

 

2.5 CHO-K1 cells transfection  

Chinese Hamster Ovarian cells K1 (CHO-K1) adherent cells (ATCC) were cultured 

and maintained at a density of at least 2 million cells per mL in complete Dulbecco's 

Modified Eagle Medium (1X), liquid (High Glucose) [with L-Glutamine, 4500 mg/L 

D-Glucose, Sodium Pyruvate] media (D-MEM) (Invitrogen) prepared with 10% FBS, 

1% Penistrep, 1% MEM non-essential aminoacids (NEAA) and 1% of 100X 

GlutaMAX  (all purchased from Invitrogen). Cells were sub-cultured every two days. 

Trypsinization was done by adding 3 mL of 0.25% Typsin- 

Ethylenediaminetetraacetic acid (EDTA) (1X) with phenol red (Invitrogen) into the 

75mL flask of cells (Fisher Scientific), incubated for two minutes at 37°C with 5% 

carbon oxide (CO2). Next, cells were visualized under the microscope to insure 

detachment of cells. Then, 4 mL of DMEM media was added to the detached cells 

followed by 1200-rpm centrifugation for five minutes and supernatant was discarded. 

Subsequently, cells were washed twice with 4 mL of 1X Phosphate buffered saline 

(PBS) (Invitrogen) and collected at 1200-rpm centrifugation for five minutes. Finally, 
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cells were cultured in media and incubated at 37°C with 5% CO2. Counting of the 

cells was done under the microscope by mixing cells with Trypan blue at a 1:1 ratio.  

 

CHO-K1 cells were cultured and maintained at a density of 0.515 x 106 cells/mL in a 

total of 8 mL volume and cells were prepared one day before transfection by 

harvesting 1 x 106 cells in four 60 mm tissue culture treated plates (Fisher Scientific) 

(negative control, Green fluorescent protein GFP transfection efficiency positive 

control, mE-Bio3 and mE-Bio2) in 2 mL final volume and incubated at 37°C with 5% 

CO2 to adhere to the bottom of the plate for overnight. Next day, the cells were 

visualized under the microscope to assure adherent to the surface of the plates and 

were ready for transfection.  

Transfection of CHO-K1 was done by mixing 1 mL of incomplete D-MEM media 

with 20 µg of mE-Bio3 (500 ng/µL), mE-Bio2 (450 ng/µL) and GFP (500 ng/µL) 

expression vectors individually in polystyrene 15 mL tubes (Fisher Scientific). Next, 

120 µL of 0.1% (1 mg/mL) branched polyethyleneimine (PEI) was added to each 

mixture and tubes were pulse-vortexed for 15 minutes each for 1 second. The mixture 

was incubated at room temperature (RT) for ten minutes to allow the formation of 

DNA-PEI complexes. 4 mL of complete D-MEM was added to each complex and 

each mixture was added drop-wise to each well. After one hour of incubation of 

transfected cells at 37°C with 5% CO2, media was exchanged with 2 mL of fresh 

complete D-MEM and cells were incubated for 24 hours at 37°C with 5% CO2 (the 

same experiment was repeated in order to collect cells after 48 hours too). 
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2.6 FACS analysis 

FACS analysis was done for both infected Sf9 cells and transfected CHO-K1 cells.  

Cells were stained with 100X diluted biotinylated rat anti mouse CD62E and 

incubated for 30 minutes followed by two times washing with PBS. Subsequently, 

cells were stained with 300X diluted PE-Cy5 labeled Streptavidin and incubated for 

ten minutes and washed also two times with PBS.  

Five samples of 300 µL were collected from Sf9 48 hours and five days post-infection 

and prepared as followed: unstained negative control, primary antibody and secondary 

streptavidin stained negative control to insure specificity of primary and validity of 

the negative control, secondary stained negative control to check the specify of the 

secondary antibody and to eliminate any background signal, mE-Bio3 stained with 

primary antibody and secondary streptavidin and finally, mE-Bio2 stained primary 

antibody and secondary streptavidin. The same set of samples was prepared with 24 

and 48 hours post-transfection CHO-K1 cells. 

 

2.7 Patch purification of the mE-Bio2 and mE-Bio3 recombinant proteins in CHO-

K1 

For purifying expressed secreted mE-Bio3 and mE-Bio2 from the media of 

transfected cells, 2 mL media was collected from K1 cells CHO- after 48 hours post-

transfection and centrifuged at 3270 rpm for two minutes. Samples were prepared by 

adding 2 mL of 4X dilution buffer (100 mM Tris and 1 M NaCl), 4 mL of autoclaved 

H2O milliQ and 80 µL of phenylmethylsulfonyl fluoride (PMSF) protease inhibitor 
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(Sigma Aldrich). Next, Agarose-phase Nickel (Ni) resins (Ni-NTA Agarose) (Qigen) 

were prepared by centrifuging 500 µL at 3270 rpm for three minutes, discarding 

supernatant, washing twice with 8 mL 1X dilution buffer and finally resuspending in 

1100 µL of 1X dilution buffer. For each 2 mL sample of the media (negative control, 

GFP control, mE-Bio3 and mE-Bio2), 250 µL of the resins were added to each 

sample and incubated with inversion mixing at 4°C for overnight.  

After incubation, each sample was subjected to centrifugation at highest speed for 

three minutes to eliminate any un-bound non-specific substances and supernatant was 

discarded. 

 

2.8 Western blot analysis 

For expressed chimeric E-selectin from mE-Ig-pCold recombinant plasmid protein, 

samples were prepared by mixing 1340 µL of each 24-hours post-induction samples 

with 50 µL of 4X lithium dodecyl sulfate (LDS) and 10 µL of β-mercaptoethanol (β-

ME) and incubated at 95°C for five minutes. 

5 µL from each sample was loaded into 4-20% 10 wells of sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) gel (Bio-Rad Laboratories, 

Hercules, CA) and running was done into 1X of 10X Tris-Glycine SDS running 

buffer (Sigma) for 30 minutes at 200 voltage. Gel was transferred to a polyvinylidene 

fluoride (PVDF) membrane (Whatman) through a 1X of Phosphate-Buffered Saline 

with Tween 20 (PBST) transfer buffer that consisted of 100 mL Tris-Glycine buffer 

(TB) (Sigma), 200 mL methanol and 700 mL milliQ H2O. Transfer was done at 0.39 

amber for one hour and a half. Later, membrane was blocked with 5% skimmed milk 
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(MP) for overnight at 4°C with minimum shaking. Next, washing of the membrane 

was done briefly by 1X of 10X Tris-Buffered Saline with Tween 20 (TBST) buffer 

(Cell Signaling Technology). Mouse anti-histidine primary antibody (BD Pharmigen) 

was diluted into 1/1000 in 3 mL of TBST and membrane was soaked with the mixture 

and incubated overnight at 4°C. subsequently, membrane was washed from the 

primary antibody three times each for five minutes and goat anti-mouse IgG-HRP 

(BD Pharmigen) was diluted into 1/10000 in 10 mL TBST and incubated for two 

hours. Finally, washing of the membrane was done for three times each for five 

minutes and the peroxide substrate for Horse Radish Peroxidase (HRP) (Super Signal 

West Pico) was prepared by mixing stable peroxide solution with liminal enhancer 

solution in a 1:1 ratio in a final volume of 2 mL. Prepared substrate was incubated 

with the membrane in dark for five minutes. Later, the film (Denville Scientific Inc.) 

was placed on top of the membrane in dark and left to incubate for around five 

minutes and the film was processed.  

Purified samples for expressed mE-Bio3 and mE-Bio2 in CHO-K1 48 hours post-

transfected cells were prepared by adding 50 µL of 1X LDS and 2 µL of 1 M 

Dithiothreitol (DTT) (Fisher Scientific) to each purified sample and incubated for five 

minutes at 95°C. Samples were cooled and 10 µL from each sample was loaded into 

4-20% 10 wells SDS-PAGE gel and running was done for 30 minutes at 200 voltage. 

Next, transfer was done on PVDF membrane at 0.39 amber for one hour and a half. 

Blocking of the membrane was done with 5% skimmed milk for one hour and a half 

with minimum shaking. Next, washing of the membrane was done briefly by 1X of 

10X TBST buffer. Furthermore, membrane was incubated with 3 mL of 1/1000 

biotinylated rat anti-mouse CD62E (BD Pharmigen) overnight at 4°C. Subsequently, 
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membrane was washed from the primary antibody four times each for ten minutes and 

incubated with 10 mL of 1/10000 Streptavidin-HRP (BD Pharmigen) for 40 minutes. 

Finally, washing of the membrane was done for four times each for ten minutes and 

the peroxide substrate for Horse Radish Peroxidase (HRP) (Super Signal West Pico) 

was prepared by mixing stable peroxide solution with liminal enhancer solution in a 

1:1 ratio in a final volume of 2 mL. Prepared substrate was incubated with the 

membrane in dark for five minutes. In order to visualize protein products, the film 

was placed on top of the membrane in dark and left to incubate for around one hour 

and further and the further was processed for visualization. 
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3. Results 

Background 

The domain structure of endogenous E-selectin consists of a lectin and EGF-like 

domains that mediate ligand binding as well as six sushi domains that function to 

extend and exposes the lectin and EGF-like domains beyond the glycocalyx of the cell 

surface in order to facilitate their interaction with their ligands (Figure 1.3). The lectin 

and EGF-like domains contain ten Cys (Cysteine) residues that are fortunately all 

engaged in disulfide bonds (Figure 3.1). We confirmed the maximal level of free 

sulfhydryl groups in commercially available recombinant E-selectin protein (tagged 

with IgG Fc domain, Figure 3.3) experimentally by in vitro labeling assay. We 

identified up to four free Cys residues that we anticipate to be located in the Sushi and 

IgG Fc domains.  

 

Figure 3.1: Positions of disulfide bonds in lectin/EGF domains. Lectin has two disulfide bonds 
(C19-C117 and C90-C109), EGF has three disulfide bonds (C122-C133, C127-C142 and C144-C153). 
They’re important for the stability of the structure. EGF domain has more rigid structure, as more 
number of bonds exists. 
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3.1 Expression of recombinant mE-IgG protein in Rosetta gami bacterial cells 

Chemically competent rosetta gami cells were transformed with mE-IgG-pCold to 

allow the expression of mE-IgG chimera by induction with IPTG that can remove the 

suppressor from the lac operator, which is located downstream cspA promoter that is 

one of the cold-shock genes.  

Different concentrations of IPTG were used (0.1 mM, 0.2 mM, 0.3 mM and 10 mM) 

and western blot analysis with mouse anti-histidine antibody was performed. As 

evident in Figure 3.8, two sizes corresponding to the monomer (88 kDa) and the 

dimer (150 kDa) forms of mE-IgG are shown. 

Other tests to confirm the activity of the commercially expressed protein need to be 

conducted.  

 

Figure 3.2: Western blot of the full length (FL) r-mE-sel protein. Expression of FL r-mE-sel tagged 
with human-IgG in E.coli following IPTG induction at the indicated concentrations. Protein was 
detected using antibody against the histidine tag (red arrow). Note that by increasing the concentration 
of IPTG, there is concomitant increase in protein expression. 
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Construction of E-selectin IgG chimeras for proposed FRET studies 

3.2 PCR reactions to generate various E-selectin chimeras 

We set out to design four E-selectin constructs that will enable us to identify the free 

Cys residues in the sushi domains and IgG Fc domains and deactivate them by 

changing them to serine (Figure 3.3).  

By introducing Cys on the surface of E-selectin, we will provide sulfhydryl groups, 

which can interact in a position specific manner with maleimide containing donor and 

acceptor fluorescent dyes. By attaching donor and acceptor dyes at specific locations 

on the lectin and EGF domains we will be able to map the conformational states of E-

selectin through the FRET efficiency which is sensitive to the distances in the range 

of 1–10 nanometers. We have designed our four E-selectin expression constructs in a 

versatile manner that will enable us to purify them through affinity chromatography 

and to add a biotinylation tag for their immobilization in microfluidic flow cell on a 

polyethylene glycol (PEG)-coated coverslip via biotin-streptavidin linkage.  

 

The constructs of E-selectins IgG chimera with several tags and variable number of 

sushi domains was achieved by preparing a number of PCR reactions as follows 

(Figure 3.3): 

1- mE-IgG-Bio1 construct with internal Avi-biotin tag followed by a Tobacco 

etch virus protease (TEV) protease tag and a C-terminal double Histidine tag 

(2520 bp). 

2- A truncated mE-Bio2 construct with only two sushi domains followed by a C-

terminal Avi-biotin tag and a double histidine tag (1200 bp). 
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3- A second truncated mE-Bio3 construct with no sushi domains and a C-

terminal Avi-biotin tag followed by double histidine tag (680 bp). 

 

 

Figure 3.3: E-selectin constructs. (A) domain structure of a commonly used (commercially available) 
E-selectin/IgG Fc chimera recombinant protein. SP, secretion signal peptide. (B), (C), and (D) E-
selectin constructs for immobilization. B, six sushi domains of E-selectin and Fc region of human IgG1 
are included for the optimal folding condition similar to the native protein. Sushi domains and Fc 
region can be removed via cleavage by TEV protease. C, inclusion of two sushi domains are reported 
to facilitate better yield. D, minimal construct which only possesses domains for binding and tags for 
purification and immobilization. 

 
 
 

Construction of mE-IgG-Bio1 required the formation of two PCR fragments where 

the first one included the N-terminal portion of the construct with a biotin tag 

(fragment 1) and the second one included the C-terminal portion of the construct with 

a biotin and a TEV tag (fragment 2). Subsequently, fragment 1 underwent another 

PCR reaction to add XmnI restriction site. Gel electrophoresis analysis of PCR 
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products showed the correct sizes for each fragment, 500 bp and 2000 bp, 

respectively (Figure 3.4). Moreover, DNA cloning of each fragment was done to 

exclude any undesired fragments that can decrease the efficiency of the next PCR 

reactions and to ensure improved stability of the fragments for later experiments. The 

cloning was done into a pZeRO-2. Furthermore, Genehogs were transformed with 

each recombinant pZeRO-2 plasmid for amplification. Next, sequences of the resulted 

purified recombinant plasmids were confirmed by sequencing. Finally, a second PCR 

reaction was performed to obtain each fragment (fragment 1 and fragment 2 with 

second histidine followed by XhoI restriction site insertions). Finally, Splicing by 

Overlapping PCR (SOP) was done to combine the two fragments by overlapping the 

biotin tag from each fragment for recombination event to occur followed by gel 

extraction of the desired band with the expected molecular size (2520 bp) (Figure 

3.4). 

Construction of mE-Bio2 and mE-Bio3 was done by using fragment 1 as a template 

for two different sequential PCR reactions for each construct. For mE-Bio2, the first 

reaction was done using primers specific for the gene portion of the pZErO-2-

fragment-1 recombinant vector followed by a second reaction that uses the first 

reaction’s product as a template to include the second histidine followed by an XhoI 

restriction site to the final construct (1200 bp), while mE-Bio3 construct was made in 

the same way as mE-Bio2 except that the two sushi domains of mE-Bio2 were 

excluded from the mE-Bio3 construct by a different set of primers (680 bp).  

Every resulted PCR product was analyzed by gel electrophoresis which showed the 

desired molecular sizes of each construct as follows: 2520 bp, 1200 bp and 680 bp, 

respectively (Figure 3.4). 



61 
 

 

Figure 3.4: PCR construction of recombinant mE-selectin (r-mE-sel). Lane 1, 4, 7 are molecular 
weight ladders where their sizes are indicated by the image on the far left of the figure. PCR products 
of fragments 1 and 2 (2 and 3 of panel A) were prepared and splicing by overlapping (SOP) PCR was 
performed resulting in the full-length mE-IgG-Bio1 as shown in lane 5 (B) with a size of 2520bp. Also 
shown in  (C) is the four sushi domain truncated (mE-Bio2) in lane 8 and the six sushi domain 
truncated (mE-Bio3) in lane 7 of r-mE-sel. 

 

Following the successful generation of each of the recombinant proteins by PCR, all 

three constructs were cloned into pENTR11 cloning vector by ligation dependent 

cloning. pENTR11 plasmids, mE-Bio2 and mE-Bio3 were digested with XhoI 

(C^TCGAG) XmnI (GAAnn^nnTTC) and ligation using restricted plasmids and 

constructs was done. Later, each recombinant plasmid was transformed into 

Genehogs electro-competent bacterial strain, expanded and the plasmid preparations 

were sequenced to ensure that no mutations were introduced.  

 

3.3 Preparation of the Insect and Mammalian cell Expression vectors 

After cloning into pENTR11 entry vector, LR reaction was performed with the 

addition of pDEST8 (for insect cells) or p-EF-DEST51 (for mammalian cells) (Figure 
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3.5) to obtain the expression vector for later transfection and expression of 

recombinant proteins. 

 

 

 

Figure 3.5: Genetic maps of pDEST8 and pEF-DEST51 destination vectors. pDEST8 vector (right) 
consisting of attR1 and attR2 recombination sites cassette under the polyhedron (PPH) strong promoter 
for insect cells expression with internal ccdB toxin gene for negative selection. Ampicillin resistance 
gene is also incorporated for transformants selection. Mini-Tn7 elements is employed in order to 
facilitate transposition into bacterial bacmids and flanking the cassette with inclusion of Gentamycin 
resistance gene for selection of recombinant bacmids. pEF-DEST51 vector (left) consisting of attR1 
and attR2 recombination sites cassette under the human elongation factor-1 α (PEF-1α) promoter for 
expression of mammalian proteins in many species with internal ccdB toxin gene for negative 
selection. Ampicillin resistance gene is also incorporated for transformants selection. This figure is 
adopted from Invitrogen. 

 

Stbl03 bacterial strain was transformed with recombinant pDEST plasmids followed 

by colony PCR for randomly picked colonies from pDEST8-mE-Bio3, pDEST8-mE-

Bio2, pEF-DEST51-mE-Bio3 and pEF-DEST51-mE-Bio2 was done using primers 
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flanking a region from the vector and insert to confirm the success of cloning (Figure 

3.6). Additionally, to confirm the accuracy of the constructs cloning into the plasmid, 

PCR reactions were done for each prepared recombinant plasmid (pDEST8-mE-Bio3, 

pDEST8-mE-Bio2, pEF-DEST51-mE-Bio3 and pEF-DEST51-mE-Bio2) by using 

primers that are also flanking a region from the vector and insert (Figure 3.7). 

PCR products were further analyzed by gel electrophoresis, which showed the 

anticipated molecular sizes of the PCR products from pDEST8-mE-Bio3 (747 bp), 

pDEST8-mE-Bio2 (1125 bp), p-EF-DEST51-mE-Bio3 (769 bp), p-EF-DEST51-mE-

Bio2 (1147 bp) and each prepared plasmid was sequenced to ensure that no mutations 

were incorporated. 
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Figure 3.6: Colony PCR products for recombinant pDEST8 and p-EF-DEST51. Primers 
corresponding to the vector and the goi were used to produce fragments from pDEST8-mE-Bio3 (red), 
pDEST8-mE-Bio2 (blue) as shown in the pDEST8 left section of the gel and p-EF-DEST51-mE-Bio3 
(red), p-EF-DEST51-mE-Bio2 (blue) as shown in the p-EF-DEST51 right section of the gel.  
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Figure 3.7: PCR products for recombinant pDEST8 and p-EF-DEST51. Primers corresponding to 
the vector and the goi were used to produce fragments for pDEST8-mE-Bio3 (red), pDEST8-mE-Bio2 
(blue) as shown in the pDEST8 left section of the gel and p-EF-DEST51-mE-Bio3 (red), p-EF-
DEST51-mE-Bio2 (blue) as shown in the p-EF-DEST51 right section of the gel.  

 

Once the E-selectin chimeric constructs were cloned into the appropriate insect and 

mammalian expression vectors, the next step was to express the proteins in the 

appropriate cell lines.  

  

 

 

  



66 
 

3.4 Bacmids preparation to express E-selectin constructs in Insect cells 

Baculovirus-based expression system is a very common vector based-system to 

express recombinant protein in insect cells. Better post-translational modification and 

proper folding of mammalian proteins compared to the bacterial and yeast expression 

systems, high levels of expression compared to mammalian expression systems, 

scalability and safety are some of the advantages of baculoviral systems. Bacmids 

were prepared with the inclusion of mE-Bio2 and mE-Bio3 constructs in viral DNA in 

order to produce recombinant viral particles that will be used for subsequent infection 

of insect cells and protein expression.  

DH10Bac bacterial cells were transformed with purified resulted recombinant 

pDEST8 to allow transposition of the construct from the expression vector into the 

bacterial bacmid (Figure 3.8). Accordingly, white colonies were picked for colony 

PCR with primers corresponding to Gentamycin resistance gene, forward portion of 

the bacmid and backward portion of bacmid. PCR products showed two bands 

corresponding to the Genetamycin gene of the destination vector (500 bp) that 

indicated impurity and the 1000 bp desired band for the goi (Figure 3.9). 
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Figure 3.8: DH10Bac transposition in the baculovirus bacmid, bMON14272. Production of 
recombinant bacmids by transposition between the Tn7 elements flanking the goi in the recombinant 
expression vector and the mini-attTn7 site inserted in the LacZα gene of the bacmid. Transposase are 
provided by the helper plasmid. This figure is adopted from Genscript. 

 

 

 

 

Figure 3.9: Colony PCR products for recombinant bacmids from DH10Bac. Left: Two primers 
corresponding to the vector and one primer corresponding to the gentamycin resistance gene were used 
to produce fragments for mE-Bio3 (red), mE-Bio2 (blue). A portion of the destination vector at a 
molecular size of 500 bp still exits in parallel with the 1000 bp band. Right: Transposition of the goi 
from pDEST8 into Bacmid DNA mediated by Tn7 elements flanking the goi and the mini-attTn7 site 
of the Bacmid. Colony PCR was done using primers corresponding to the vector (forward: purple 
arrow and reverse: green arrow) and one primer corresponding to the gentamycin resistance gene 
(reverse: orange arrow).  
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A second round of transformation was performed into Genehogs electro-competent 

cells to ensure the purity of the bacmids. Afterwards, colony PCR was done on 

randomly selected colonies with primers that correspond to the sequences of 

Gentamycin resistance gene, forward portion of the bacmid and backward portion of 

bacmid. Gel electrophoresis analysis showed only the 1000 bp which indicates purity 

of the product (Figure 3.10). Furthermore, colonies with the correct bacmid were 

prepared for the next transfection of insect cells experiments (Figure 3.10). 

 

Figure 3.10: Colony PCR products for recombinant bacmids from Genehogs. Left: Two primers 
corresponding to the vector and one primer corresponding the gentamycin resistance gene (GmR) were 
used to produce fragments for mE-Bio3 (red), mE-Bio2 (blue). The 1000 bp of the goi is the only seen 
band on the gel confirming the purity of the product. Right: Transposition of the goi from pDEST8 into 
Bacmid DNA mediated by Tn7 elements flanking the goi and the mini-attTn7 site of the Bacmid. 
Colony PCR was done using primers corresponding to the vector (forward: purple arrow and reverse: 
green arrow) and one primer corresponding to the gentamycin resistance gene (reverse: orange arrow). 
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- Expression of mE-Bio recombinant proteins by Sf9 insect cells 

Sf9 insect cells were transfected with recombinant baculovirus with mE-Bio3 (no 

sushi domains) mE-Bio2 (with only 2 sushi domains) using cellfectin II transfection 

reagent. Transfected cells were then incubated at 28°C for 72 hours until the signs of 

viral infection started developing (increased cellular size, transparency and 

detachment of cells) which indicates the generation and consequent budding of the 

viral particles containing each recombinant construct (Figure 3.11). 

 

Figure 3.11: Microscope images reveal that Sf9 insect cells were successfully infected with 
pDEST8-mE-Bio2 and pDEST8-mE-Bio3 plasmids. Sf9 cells were transfected with mE-Bio3 and 
mE-Bio2 recombinant bacmids. Signs of viral infection are evident for mE-Bio3 (B) and mE-Bio2 (C) 
as enlargement, transparency and dissociation of cells compared to the control panel (A).  

 

Furthermore, media was collected as the P1 virus and amplification of the stock was 

done through two stages of viral infection until the P3 viral stock was ready in 100 

mL final volume for each recombinant construct. 

Small-scale expression of recombinant mE-Bio3 and mE-bio2 was done by using 

their corresponding P3 virus to infect insect cells at a density of two million per 

milliliter in a final volume of 100 at 3 MOI. Moreover, infected cells were incubated 

for 48 hours and 5 days at 28°C with 100 rpm shaking speed. 
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Finally, cells expressing mE-Bio3 and mE-Bio2 were analyzed by FACS against a 

negative control using biotinylated rat anti-mouse CD62E as the primary antibody and 

PE-Cy5 labeled streptavidin (Figure 3.13). This flow cytometric analysis revealed the 

accumulation of expressed protein on the surface of the cell 5 days post infection 

(Figure 3.12). 
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Figure 3.12: Flow Cytometric analysis of Sf9 cells 5 days post-infection with E-selectin constructs. 
(A): Sf9 cells either left un-stained (blue curve) or stained only with secondary antibody (streplavidin-
PE-Cy5; red curve) serve as a negative control for staining. Sf9 cells infected with mE-Bio3 (B) or mE-
Bio2 (C) show a shift in fluorescence signal (red curve) when stained with an antibody against E-
selectin.  The blue curve represents un-stained infected Sf9 cells.   
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Figure 3.13: Flow diagram outlining experimental steps for recombinant mE-Bio expression by 
Sf9 cells. A workflow scheme of different steps for expressing mE-Bio2 and mE-Bio3 starting from 
recombinant pDEST8 vector preparation and ending with virus preparation and small-scale expression 
detection. 
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3.5 Expression of mE-Bio3 and mE-Bio2 recombinant proteins in CHO-K1 

mammalian cells  

One million cells of CHO-K1 cells were transfected with each mE-Bio3 and mE-Bio2 

recombinant expression vectors using PEI as a transfection reagent (refer to Materials 

and Methods for details). Moreover, the transfected cells were incubated for 24, 48 

hours as two separate experiments to allow the expression, accumulation and 

secretion of recombinant proteins.  

For the 48 hours post transfected cells, 50% of the cells exhibited a severe case of 

toxicity due to the use of PEI for transfection, which indicates that transfection has 

taken place (Figure 3.14). 
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Figure 3.14: Microscope images of transfected CHO-K1 mammalian cells with recombinant 
expression vectors after 48h hours. Evidence of PEI toxicity is shown in GFP (B), mE-Bio3 (C) and 
mE-Bio2 (D) transfected cells as a large number of cells demonstrated signs of cell-death compared to 
untransfected CHO-K1 cells (A).  

 

Furthermore, proteins secreted in the media were purified for western blot analysis, 

which showed a positive band with expected size of 56 kDa after glycosylation of the 

expressed proteins against the negative control of un-transfected CHO-K1 cells and a 

positive control of CHO cells expressing E-selectin (Figure 3.15). 

!" #"

$" %"



75 
 

 

Figure 3.15: Western Blot of mE-Bio2 transfected CHO-K1. CHO-K1 cells were either left 
untransfected (-ve ct lane) or transfected with the p-EF-DESTS1-mE-Bio2 (mE-Bio2 lane) mammalian 
expression vectors using PEI. 48 hour following transfection, cells were prepared for Western Blot 
analysis and blotted with antibody against E-selectin (Rat-anti-mouse CD62E).   Expression of mE-
Bio2 was detected in CHO-K1 transfected cells at the molecular size of 55 kDa (evident in mE-Bio2 
lane). CHO cells stably transfected with full length E-selectin (130 kDa) was used as a positive control 
for E-selectin staining (CHO-E lane). 

  

Additionally, a GFP positive control for transfection efficiency was visualized under 

the fluorescent microscope and showed a region of few cells with visible GFP 

expression (Figure 3.16). 
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Figure 3.16: Fluorescent microscope images of transfected CHO-K1 mammalian cells with 
transfection positive control (GFP recombinant expression vector) after 48h hours. GFP-
transfected CHO-K1 are expressing the protein. Visible fluorescence is seen by live cell (blue square) 
while the fluorescent signal is almost faint with dead cells (red square). 

 

Flow cytometric analysis of mE-Bio3 and mE-Bio2 p-EF-DEST51 transfected CHO-

K1 cells showed significant staining for E-selectin 24 hours (Figure 3.17) and 48 

hours (Figure 3.18) post-transfection (Figure 3.19). 
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Figure 3.17: Flow cytometric analysis of CHO-K1 cells 24 hours post-transfection with mE-Bio2 
and mE-Bio3 mammalian vectors. (A): CHO-K1 cells either left un-stained (blue curve) or stained 
only with secondary antibody (streplavidin-PE-Cy5; red curve) serve as a negative control for staining. 
CHO-K1 cells infected with mE-Bio3 (B) or mE-Bio2 (C) show a shift in fluorescence signal (red 
curve) when stained with an antibody against E-selectin.  The blue curve represents un-stained infected 
CHO-K1 cells.   
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Figure 3.18: Flow cytometric analysis of CHO-K1 cells 48 hours post-transfection with mE-Bio2 
and mE-Bio3 mammalian vectors. (A): CHO-K1 cells either left un-stained (blue curve) or stained 
only with secondary antibody (streplavidin-PE-Cy5; red curve) or stained with primary antibody (anti-
CD62E and streplavidin-PE-Cy5; dark green curve) serve as a negative control for staining. CHO-K1 
cells infected with mE-Bio3 (B) or mE-Bio2 (C) show a shift in fluorescence signal (red curve) when 
stained with an antibody against E-selectin.  The blue curve represents un-stained infected CHO-K1 
cells.   
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Figure 3.19: Flow diagram outlining experimental steps for recombinant mE-Bio expression by 
CHO-K1 cells. A workflow scheme of different steps for expressing mE-Bio2 and mE-Bio3 in CHO-
K1 cells starting from recombinant pEF-DEST51 vector preparation and ending with expression 
detection. 
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4. Discussion 

     The construction of three different recombinant constructs of E-selectin have been 

designed and improved for optimization purposes for subsequent experiments: mE-

IgG-Bio1 with full number of domains as the native chimeric mE-IgG with internal 

TEV (protease) and biotin tags and a double C-terminal histidine tag, mE-Bio2 with 

two sushi domains and an internal biotin tag with a C-terminal double histidine tag 

and mE-Bio3 with no sushi domains and an internal biotin tag with a terminal double 

histidine tag. The Lasky group [63] elegantly illustrated the importance of the sushi 

domains (Compliment binding-like domains-CBD) in a study that compares the 

activity of three different constructs of L-selectin chimeric protiens: 1) with lectin 

domain along; 2) Lectin domain plus the EGF domain and; 3) Lectin domain plus the 

EGF domain plus the sushi domains. They concluded that the adhesion activity 

significantly decreased when the sushi domains were excluded from L-selectin 

suggesting a structural function for the sushi domains that influences the functional 

conformation of lectin binding motif [63]. 

Expression of the full-length E-selectin chimeric construct mE-IgG where all the 

extracellular domains of the protein are present was expressed in the E.coli strain 

Rosetta gami.  This strain is unique as it contains mutations in both the thioredoxin 

reductase (trxB) and glutathione reductase (gor) genes that are responsible for 

inhibiting disulfide bonds formation; as a result this greatly enhances disulfide bond 

formation in the cytoplasm. Additionally, it enhances the expression of eukaryotic 

proteins that contain codons that rarely used in E. coli.  Western blot analysis revealed 

that both the monomer and dimer forms of the full-length E-selectin protein are 

expressed. Although expression was observed, the bacterial cells have exhibited signs 
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of severe toxicity and further optimization needs to be performed in order attempt to 

reduce this toxicity and increase the expression and isolation of the protein.  Prior to 

these critical steps, the expressed protein will be tested to ensure that it is functionally 

active and able to bind known E-selectin ligands expressed on cells of interest.   

In addition, mE-Bio2 and mE-Bio3 were also expressed in these bacterial cells and it 

was observed that toxicity due to the expression of mE-Bio2 and mE-Bio3 exists but 

the toxicity was higher in the mE-Bio2 than mE-Bio3.  This suggests that as the 

number of sushi domains increases, the level of toxicity increases. Additionally, the 

bacterial cells rigorously refused the recombinant pENTR11-mE-IgG-Bio1 as the 

growth was completely inhibited. On the other hand, pZErO-2-mE-IgG-Bio1 

transformed cells were able to grow healthy cells after two days and subsequently 

colony PCR revealed positive bands on the analyzed gel (data not shown). 

Interestingly, after the mini-prep preparation of positive recombinant vectors, they 

were further analyzed by the same set of primers as the ones used for the formerly 

mentioned colony PCR and gave negative results which can support further the higher 

toxicity level that can be associated with increasing number of sushi domains in a 

construct. 

Following this, expression of the mE-Bio2 and mE-Bio3 constructs in insect and 

mammalian systems was performed. These systems may better tolerate these 

mammalian constructs and also lead to proper folding of the protein and more 

accurate post-translational modifications and hence more functional proteins.  

The E-selectin constructs, mE-Bio2 and mE-Bio3, were transfected into the 

mammalian cells CHO-K1 (as well as the insect cell, Sf9) and recombinant protein 

was found to be effectively secreted into the media and expressed on the cell surface 
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as analyzed by Western Blot and FACs respectively.  Future studies focus on 

optimizing the expression of these recombinant proteins in the CHO-K1 cells since 

toxicity was apparent due to the mode of transfection (use of PEI as a transfection 

reagent).  Again experiments need to be performed to ensure that the recombinant 

protein produced is functionally able to bind ligands prior to proceeding with studies 

to enhance the cells production (i.e. growing the cells in larger containers to allow the 

cells to proliferate by slowing down the toxic effect from the overgrowth, dead cells 

and the toxic reagent). 

Our future directions will lead us to the main objective of the project, which require 

the optimization of protein expression in order to obtain sufficient amounts for the 

fluorescence labeling and conducting the proposed FRET experiments. Donor and 

acceptor fluorophores will be incorporated into the protein at specific sites without 

altering its functionality and should be spaced by a distant that is compatible with the 

spatial resolution of the smFRET experiment (1-10 nm). This will enable us to 

observe in real time the dynamic conformational shift from the bent to the extended 

state of E-selectin and the possible intermediate conformations that could also exist. 

We aim to initially measure these conformations under condition of no shear force. 

However, we also aim in subsequent expriment to measure the conformational 

changes at different shear rate/shear force and in the presence of different types of 

ligands that are expected to directly or indirectly influence the interaction of E-

selectin through regulating the open and bent conformational states. 
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APPENDICES 

Table 1: List of PCR Reaction Oligonucleotides 

Prime
r no. 

Primer name Sequence  

1 177mEs5tp caccATGAATGCCTCGCGCTTTCTCTCTGC 

2 288LE-AvTv1f CCCAACTGTGAGCAAtccggcctgaacgacatcttcgaggctc 

3 289AvTv2r AGGTTttcgtgccattcgattttctgagcctcgaagatgt 

4 290AvTv3f-sush atggcacgaaAACCTGTATTTTCAGaGCGCTGTGACTTGC
AAA 

5 306IgGHisr tcaatgatgatggtgatgatgTTTACCCGG 

6 331mE-Ig5atg ATGAATGCCTCGCGCTTTCTCTCT 

7 291Ssh2-Avfw CCATCATGCAAAGCTtccggcctgaacgac 

8 301dH1r CCAAGCTCTTGAatgatgatggtgatgatgTTTAC 

9 302dH2f catTCAAGAGCTTGGCGTCATCCGCAGTTCGGTGG 

10 303dH3r tcaGTGATGGTGATGGTGATGACCACCGAACTGCGga 

11 332mEdH3xho aggttaCTCGAGtcaGTGATGGTGATGGTGATGAC 

12 329AvHisrv2 tccggcctgaacgacatcttcgaggctcagaaaatcgaatggcacgaacatcatcacc 

13 330AvHis3xho aggttaCTCGAGtcaatgatgatggtgatgatgtt 

14 291Ssh2-Avfw CCATCATGCAAAGCTtccggcctgaacgac 

15 357dH1r_bio2 CCAAGCTCTTGAatgatgatggtgatgatgttcgt 

16 105pD10R AAACCTCTACAAATGTGGTATGGCTG 

17 277pEF51-3 ATGATGACCGGTACGCGTAGAATCGAGACC 

18 7pMOSRv TCCCAGTCACGACGTTGTAAAACGACGGCC 

19 8pUC19-5 CACACAGGAAACAGCTATGACCATGATTAC 
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20 284A412pFastGm
R3 

CGTAGCCAACCACTAGAACTATAGCTAGAG 

 

Table 2: List of PCR Components for mE-IgG-Bio1 Fragments (Fragment 1 and 
Fragment 2) 

30 uL PCR 
Components 

Fragment 1 (500 bp) Fragment 2 (2000 bp) 

dNTPs (2mM) 3 µL 3 µL 

Pfu buffer (10X) 3 µL 3 µL 

Template (diluted 
100X) 

1 µL 1 µL 

Forward Primer 2 µL 

 

Primer Dilution 

1 10X 
 

2 µL 

 

Primer Dilution 

4 10X 
 

Reverse primer 2 µL 

 

Primer Dilution 

2 twice 

3 10X 
 

2 µL 

 

Primer Dilution 

5 10X 
 

Pfu DNA 
polymerase 

0.4 µL 0.4 µL 

milliQ 16.6 µL 18.6 µL 
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Table 3: List of PCR Conditions for mE-IgG-Bio1 Fragments (Fragment 1 and 
Fragment 2) 

 30 uL PCR 
conditions 

Fragment 1 Fragment 2 

Lid preheating 105 °C 30 seconds 105°C 30 seconds 

1X Denaturation 95 °C 30 seconds 95 °C 30 seconds 

 

 

 

 

 

29X 

Denaturation 95 °C 30 seconds 95 °C 30 seconds 

Annealing 55°C 30 seconds 55°C 30 seconds 

Extension 72°C 1 minute 72°C 2 minutes 

 Cooling 4°C forever 4°C forever 
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Table 4: List of PCR Components for Recombinant Fragment 1, Fragment 2-
pZErO-2 Vectors and Splicing by Overlapping PCR (SOP) 

Fragment 1+XmnI from 
pZErO-2 

(500 bp) 

Fragment 2 from pZErO-2 
with addition of double his 
and XhoI site (2020 bp) 

mE-IgG-Bio1 (SOP) 
(2520 bp) 

3 µL 3 µL 3 µL 

3 µL 3 µL 3 µL 

1 µL 1 µL 1 µL 

2 µL 

 

Primer Dilution 

6 10X 
 

2 µL 

 

Primer Dilution 

4 10X 
 

2 µL 

 

Primer Dilution 

1 10X 
 

2 µL 

 

Primer Dilution 

3 10X 
 

2 µL 

 

Primer Dilution 

8 100X 

9 100X 

10 100X 

11 10X 
 

2 µL 

 

Primer Dilution 

5 10X 
 

0.4 µL 0.4 µL 0.4 µL 

18.6 µL 8.6 µL 18.6 µL 
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Table 5: List of PCR Conditions for Recombinant Fragment 1, Fragment 2-
pZErO-2 Vectors and Splicing by Overlapping PCR (SOP) 

 30 uL PCR 
conditions 

Fragment 
1+XmnI from 
pZErO-2 

(500 bp) 

Fragment 2 from 
pZErO-2 with 
addition of double 
his and XhoI site 
(2020 bp) 

mE-IgG-Bio1 
(SOP) (2520 bp) 

Lid 
preheating 

105 °C 30 
seconds 

105°C 30 
seconds 

105 °C 30 
seconds 

1X Denaturation 95 °C 30 
seconds 

95 °C 30 
seconds 

95 °C 30 
seconds 

 

 

 

 

 

29X 

Denaturation 95 °C 30 
seconds 

95 °C 30 
seconds 

95 °C 30 
seconds 

Annealing 55°C 30 
seconds 

55°C 30 
seconds 

55°C 30 
seconds 

Extension 72°C 1 
minute 

72°C 2 
minutes 

72°C 3 
minutes 

 Cooling 4°C forever 4°C forever 4°C forever 
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Table 6: List of PCR Components for mE-Bio2 and mE-Bio3 

30 uL 
PCR 
Compone
nts 

mE-Bio2 (+2 
sushi domains) 

mE-Bio3(-2 sushi 
domains) 

mE-Bio2 + 2nd his 
+ XhoI 

mE-Bio3 + 2nd his 
+ XhoI 

dNTPs 
(2mM) 

3 µL 3 µL 3 µL 3 µL 

Pfu 
buffer 
(10X) 

3 µL 3 µL 3 µL 3 µL 

Template 
(diluted 
10X) 

1 µL 

 

1 µL 

 

1 µL 

 

1 µL 

 

Forward 
Primer 

2 µL 

 

Primer Dilution 

1 10X 

 

 

2 µL 

 

Primer Dilution 

1 10X 
 

2 µL 

 

Primer Dilution 

6 10X 
 

2 µL 

 

Primer Dilution 

6 10X 
 

Reverse 
primer 

2 µL 

 

Primer Dilution 

2 100X 

12 100X 

13 10X 

 

 

2 µL 

 

Primer Dilution 

14 100X 

12 100X 

13 10X 
 

2 µL 

 

Primer Dilution 

15 100X 

9 100X 

10 100X 

11 10X 
 

2 µL 

 

Primer Dilution 

15 100X 

9 100X 

10 100X 

11 10X 
 

Pfu DNA 
polymera
se 

0.4 µL 

 

0.4 µL 

 

0.4 µL 

 

0.4 µL 
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milliQ 

 

14.6 µL 

 

14.6 µL 

 

12.6 µL 

 

12.6 µL 

 

 

Table 7: List of PCR Conditions for mE-Bio2 and mE-Bio3 

 30 uL PCR 
conditions 

mE-Bio2 (+2 
sushi 
domains) 

mE-Bio3(-2 
sushi domains) 

mE-Bio2 + 2nd 
his + XhoI 

mE-Bio3 + 2nd 
his + XhoI 

Lid 
preheating 

105 
°C 

30 
seconds 

105°C 30 
seconds 

105 
°C 

30 
seconds 

105 
°C 

30 
seconds 

1X Denaturation 95 
°C 

30 
seconds 

95 °C 30 
seconds 

95 
°C 

30 
seconds 

95 
°C 

30 
seconds 

 

 

 

 

 

29X 

Denaturation 95 
°C 

30 
seconds 

95 °C 30 
seconds 

95 
°C 

30 
seconds 

95 
°C 

30 
seconds 

Annealing 55°C 30 
seconds 

55°C 30 
seconds 

55°C 30 
seconds 

55°C 30 
seconds 

Extension 72°C 2 
minute 

72°C 2 
minutes 

72°C 2 
minutes 

72°C 2 
minutes 

 Cooling 4°C forever 4°C forever 4°C forever 4°C forever 
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Table 8: List of PCR Components for Recombinant p-DEST8 Vectors Validation 

30 uL PCR 
Components 

mE-Bio2-p-DEST8 mE-Bio3-pDEST8 

dNTPs (2mM) 3 µL 3 µL 

Pfu buffer (10X) 3 µL 3 µL 

Template (diluted 
10X) 

1 µL 

 

1 µL 

 

Forward Primer 2 µL 

 

Primer Dilution 

1 10X 
 

2 µL 

 

Primer Dilution 

1 10X 
 

Reverse primer 2 µL 

 

Primer Dilution 

16 10X 
 

2 µL 

 

Primer Dilution 

16 10X 
 

Pfu DNA 
polymerase 

0.4 µL 

 

0.4 µL 

 

milliQ 

 

18.6 µL 

 

18.6 µL 
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Table 9: List of PCR Conditions for Recombinant p-DEST8 Vectors Validation 

 30 uL PCR conditions mE-Bio2-p-DEST8 mE-Bio3-pDEST8 

Lid preheating 105 °C 30 seconds 105°C 30 seconds 

1X Denaturation 95 °C 30 seconds 95 °C 30 seconds 

 

 

 

 

 

29X 

Denaturation 95 °C 30 seconds 95 °C 30 seconds 

Annealing 55°C 30 seconds 55°C 30 seconds 

Extension 72°C 2 minute 72°C 2 minutes 

 Cooling 4°C forever 4°C forever 
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Table 10: List of PCR Components for Recombinant pEF-DEST51 Vectors 
Validation 

30 uL PCR 
Components 

mE-Bio2-pEF-DEST51 mE-Bio3-pEF-DEST51 

dNTPs (2mM) 3 µL 3 µL 

Pfu buffer (10X) 3 µL 3 µL 

Template (diluted 
10X) 

1 µL 

 

1 µL 

 

Forward Primer 2 µL 

 

Primer Dilution 

1 10X 
 

2 µL 

 

Primer Dilution 

6 10X 
 

Reverse primer 2 µL 

 

Primer Dilution 

17 10X 
 

2 µL 

 

Primer Dilution 

17 10X 
 

Pfu DNA 
polymerase 

0.4 µL 

 

0.4 µL 

 

milliQ 

 

18.6 µL 

 

18.6 µL 
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Table 11: List of PCR Conditions for Recombinant pEF-DEST51 Vectors 
Validation 

 30 uL PCR conditions mE-Bio2-pEF-DEST51 mE-Bio3- pEF-DEST51 

Lid preheating 105 °C 30 seconds 105°C 30 seconds 

1X Denaturation 95 °C 30 seconds 95 °C 30 seconds 

 

 

 

 

 

29X 

Denaturation 95 °C 30 seconds 95 °C 30 seconds 

Annealing 55°C 30 seconds 55°C 30 seconds 

Extension 72°C 2 minute 72°C 2 minutes 

 Cooling 4°C forever 4°C forever 

 

 

Table 12: List of Ligation Reaction Components (pZErO-2 Cloning) 

 Fragment 1+XmnI Fragment 2 mE-Bio2 mE-Bio3 

DNA  2 µL 2 µL 2 µL 2 µL 

Plasmid (pZErO-2) 6 µL 6 µL 6 µL 6 µL 

T4 DNA ligase 1 µL 1 µL 1 µL 1 µL 

T4 DNA ligase buffer 10X 2 µL 2 µL 2 µL 2 µL 

milliQ 9 µL 13 µL 9 µL 13 µL 
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Table 13: List of Ligation Reaction Components (pENTR11 Cloning) 

 mE-Bio2 mE-Bio3 

DNA  2 µL 2 µL 

Plasmid(pENTR11) 6 µL 6 µL 

T4 DNA ligase 1 µL 1 µL 

T4 DNA ligase buffer ?X 2 µL 2 µL 

milliQ 9 µL 13 µL 

 

Table 14: List of Recombinant Vectors 

Recombinant plasmid no. Recombinant plasmid 

1 p-EX-k-mE-IgG 

2 pZErO-2-Fragment-1 

3 pZErO-2-Fragment-2 

4 pZErO-2-mE-Bio2 

5 pZErO-2-mE-Bio3 

6 pENTR11-mE-Bio2 

7 pENTR11-mE-Bio3 

8 pDEST8-mE-Bio2 

9 pDEST8-mE-Bio3 

10 pEF-DEST51-mE-Bio2 

11 pEF-DEST51-mE-Bio3 

12 pCold-mE-IgG 

 

 

 


