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ABSTRACT 

Studying the Cellular and Molecular Basis of E-selectin Interaction with its 
Ligands 

 
Fajr AbdulRahmaan 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. Their extracellular structure is 

composed of an N-terminal extracellular C-type lectin like domain, followed by an Endothelial 

Growth Factor like domain (EGF), a defined number of short consensus repeats SCR. 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. Furthermore, selectins play a role beyond fixing 

cells to a specific location by regulating important signaling pathways in the migrating cell 

during physiological and pathological processes. 

These interactions start mainly with the binding of the lectin domain of selectins and ligand 

on cells. Therefore, structural/functional studies to date have mainly focused on the direct 

interactions of the lectin domain of E-selectin with its ligands while other domains and 

conformational dynamics received less attention. For this purpose, we produced a number of 

different recombinant E-selectin proteins with and without artificial oligomerization and with 

changes in the SCR units in addition to proteins where strategic residues will be mutated to 

change the conformation of the selectin to an extended conformer. Moreover, double 

cysteine mutant candidates were produced for maleimide labeling for the real-time SM-FRET 

(single molecule fluorescence resonance energy transfer) studies to assess conformational 

dynamics of E-selectin. Using a comprehensive set of static- and flow-based assays, we 
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concluded that SCR domains play a role by enhancing the interaction of recombinant E-

selectin proteins with E-selectin ligand, while dimerization and extension of the lectin domain 

improve the binding. However, our double cysteine mutants purification and labeling requires 

further optimization to be utilized to study the conformational dynamics of E-selectin binding 

to its ligands using SM-FRET and force microscopy.  

Furthermore, our experiments extend to highlight the importance of phosphatases in 

regulating signaling pathways that are affected by E-selectin binding to migrating cells.  

Collectively, these studies are beneficial to understand the mechanistic details of cell 

adhesion and migration of cells using the established model system of hematopoietic stem 

cells (HSCs) adhesion to the selectin expressing endothelial cells. 
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Chapter 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). These molecules 

include selectins, chemokines and integrins that function in a synchronized manner during 

these steps [2-4].  

In the first step of homing, cells start tethering on the lumina of the blood cell vessel wall. 

Later, they start rolling in response to local vascular shear stress and finally enter the “slow 

rolling” mode (Step 1). This step of homing is crucial for slowing the velocities of circulating 

cells to velocities that are lower than the local flow rate of the blood and bringing them to 

close proximity to the vascular endothelium. Therefore, cells that are close to the vascular 

endothelium can bind chemokines through their chemokine receptors [5-7] triggering inside-

out activation of integrins (Step 2) [8-11]. Integrin activation allows them to interact with their 

Cellular Adhesion Molecules (CAM) ligands on the vascular endothelium resulting in firm 

adhesion to the vascular endothelium [12] (Step 3) and, finally, transmigration of the cell to 

the extravascular area (Step 4). Although each step in this process is important, the 

interactions mediating the first step of this cascade are essential in most venules for initiating 

the process. The most effective contributors of this critical step of homing are the selectins. 
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They are known to bind specifically to sialofucosylated proteins or lipids in a calcium-

dependent manner. As a result, studying selectins is integral to understanding the migration 

process. 

 

 

Figure 1.1: The multistep paradigm of cell migration highlighting the main interactions that take place 
between the cell (leukocyte, stem cell, circulating tumor cell) in flow and the endothelial cells lining the blood 
vessels of an organ or tissue (such as the bone marrow). Step 1, “tethering and rolling”, is mediated by the 
selectins and their ligands and acts to slow down the cell. Step 2, “integrin activation” is controlled by the 
expression of chemokines on the surface of the endothelial cells finding their appropriate chemokine receptors 
on the surface of the cell in flow triggering G-protein-coupled “inside-out” activation of integrins. This activation 
results in conformational changes of the integrin(s) expressed on the cell in flow and the subsequent high affinity 
binding of the integrin(s) to their CAM (cellular adhesion molecules) ligand(s) on the endothelium leading to 
Step 3 “firm adhesion”. The interaction of all of these molecules with their appropriate receptors culminates at 
Step 4, which is the transmigration of the cell in flow into the intended tissue or organ. Each step is a prerequisite 
for the next and the initial step in the process, mediated by the selectins and their ligands, is crucial to the overall 
paradigm. Common selectin glycoprotein ligands identified on leukocytes, stem cells and cancer cells are 
depicted in the inset; O-glycans are shown as yellow squiggly lines ( ) and N-glycans are shown as green 
hexagon ( ) [13]. 
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The multistep paradigm of homing was first described in the context of naïve T-cells 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) [14]. In this recruitment of naïve T-cells to these 

specialized venules, L-selectin, expressed on these cells, mediates the initial interactions to 

peripheral node addressin (PNAd) expressed on the HEV resulting in tethering and rolling. 

Consequently, activation of chemokine receptors is triggered to facilitate the activation of 

lymphocyte function-associated antigen 1 (LFA-1) integrins. Interactions with integrins 

promote firm arrest of naïve T-cells and finally transmigration through the endothelium takes 

place [15] (Figure 1.2). 
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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 have 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 lead to a signaling 
cascade resulting in the activation of the integrin LFA-1 (step 2) resulting in firm adhesion (step 3) of the 
lymphocyte to the HEV and finally trans-endothelial migration (step 4). This figure is adapted from [15]. 
 

 

1.2. Selectins and disease development 

 
Selectins play an important role in the inflammation and thrombosis in many disease models 

such as atherosclerosis [16-18], ischaemia–reperfusion injury [19], arterial thrombosis [20], 

and deep vein thrombosis [21, 22].   

High levels of activated platelets are associated with thrombotic disorders. Platelets express 

P-selectin which binds to its ligands on leukocytes in the blood to generate aggregates fueling 

thrombotic conditions. In addition, P-selectin-expressing platelets also secrete soluble P-
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selectin as monomeric structures into the peripheral blood after P-selectin dimers bind to 

leukocytes and trigger a signaling pathway responsible for inflammation and thrombosis [23-

25]. Another example is sickle cell anemia where sickle cells block the blood vessels causing 

inflammation and thrombosis though interactions among red cells and platelets with the 

endothelium causing vaso-occlusion. Sickle cells bind to P-selectin on thrombin-activated 

human umbilical vein endothelial cells (HUVEC) [26] and platelets, creating platelet-

erythrocyte aggregates effecting vascular blood flow [27]. Although sickle cells do not express 

P-selectin ligand glycoprotein-1 (PSGL-1), sLex expression was significant on sickle RBC (red 

blood cells) compared to normal RBC. Treatment of sickle RBCs with O-sialoglycoprotein 

endopeptidase, which removes sialylated O-glycans, reduced the rolling level on immobilized 

P-selectin by 65%, indicating that these interactions require sialyation and O-glycans, 

respectively [28].  

Furthermore, E-selectin interactions with neutrophils through E-selectin Ligand-1 (ESL-1) 

promote activation and clustering of Mac-1 on neutrophils that leads to the binding of sickle 

red cells through activated Mac-1 on neutrophils resulting in vaso-occlusion [29]. Therefore, 

Blocking P- or E-selectin reduces these undesired interactions mediated through sickle red 

cells and also improves the circulation in mouse models of sickle cell disease [30-33]. Although 

a clinical trial using these selectin-blocking antibodies was found to be significantly effective 

against opioid analgesic conditions, they did not reduce painful vasoocclusive episodes [34].  

Another example of a disease that selectins play an important role in is leukemia. The most 

common therapy to treat blood disorders such as leukemia, a blood cancer characterized by 

highly proliferative immature “non-functional” blood cells that repopulate the blood and 

bone marrow, is to transplant healthy bone marrow cells into the patient after removing the 

patient’s diseased cells using chemotherapy. The therapeutic potential of the bone marrow 
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transplant depends on a very rare stem cell present within the bone marrow, the 

hematopoietic stem cell (HSC). Stem cells have unique properties that define it as a “stem 

cell”: 1) the ability to self-renew (make more of itself) without changing its intrinsic 

properties, and 2) the ability to differentiate into any mature cells that are present in that 

particular tissue or organ. 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 neutrophils (the most abundant type of white blood 

cells) [35] 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 donor stem cells. For this treatment to work effectively, HSCs need to 

find their home in the bone marrow [36]. The homing process is established as a highly 

regulated process where HSC and HPC (Hematopoietic progenitor cells) enter the bone 

marrow from the blood as a subsequent event to transplantation. The process starts with the 

binding of E-selectin, constitutively expressed on the small bone marrow sinusoidal 

endothelium, with its ligands on the HSC.  This initial interaction controls the tethering and 

rolling of the cell and hence the slowing down of the cell, leading to subsequent events 

culminating in the transmigration into the bone marrow niche (Figure 1.1). The elucidation of 

these homing mechanisms may lead to strategies to improve HSC homing and engraftment 
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efficiency and consequently to a reduction of the number of HSCs required for 

transplantation. This would greatly improve the prospects for successful therapy by reducing 

the number of HSCs required for engraftment and may also open the door to using banked 

cord blood, comprised of even lower numbers of HSCs, for transplantation in adult patients, 

precluding the need for allogeneic transplants. 

Understanding the cellular and molecular aspects of leukocyte interactions during 

physiological and pathological functions is crucial for the development of effective 

therapeutic tools. Therefore, studying the detailed mechanisms by which structural features 

contribute to binding and signal transduction takes place during the process of adhesion, is 

required. 

 

1.3. Selectins and their role in controlling cell migration 

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

homeostasis and important in many different settings for promoting the migration of immune 

cells and stem cells in therapeutic scenarios as well as cancer cell metastasis in detrimental 

disease scenarios [13]. 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 domain, followed by an Endothelial 

Growth Factor-like domain (EGF), a defined number of consensus repeats CR (also called 

“SCR” domains) with 60 amino acid per motif, a transmembrane domain and a C-terminal 

cytoplasmic tail [37, 38] (Figure 1.3). 
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Figure 1.3: Selectins and their carbohydrate ligands. (A) Selectins are type 1 transmembrane cell surface 
proteins comprised of five different domains: lectin binding domain, epidermal growth factor (EGF)-like domain, 
varying numbers of consensus repeats (SCR domains), transmembrane domain and a short cytoplasmic tail. The 
lectin binding domain binds the carbohydrate sLea/x containing ligands while the varying SCR domains help to 
extend the selectin above beyond the glycocalyx of the cell surface. (B) Glycosyltransferases (GT) involved in the 
formation of sLea and sLex structures on selectin ligands.  Although type 1 and type 2 lactosamine 
[Galb1,4GlcNAc or Galb1,3GlcNAc] structures tend to be common to many glycans, the expression of the GTs 
responsible for capping the galactose (Gal, ) of the lactosamine with sialic acid (N-acetylneuraminic acid ) 

(NeuAc, ) -sialyltransferases (ST)- and the terminal N-acetylglucosamine (GlcNAc, ) of the lactosamine with 
fucose (Fuc, )–fucosyltransferase (FT)- are often correlated with cells that migrate or home to tissues where 
selectins are expressed [13].   
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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 was 

found to be expressed on endothelial cells) whereas E-selectin was first found on endothelial 

cells.  

Selectin knockout experiments produced a great deal of information about the physiological 

role of individual selectins. Single knock-out mice for each selectin revealed the importance 

of individual selectins [39-41]. Lymphocytes in L-selectin knockout mice didn’t bind to high 

endothelial venules (HEV) [41, 42]. On the other hand, P-selectin knockout results in reduction 

in leukocyte recruitment after stimulation that can be recovered through time [39] while E-

selectin knockout mice exhibited no effect on leukocytes recruitment [40]. Nonetheless, 

leukocytes rolling was reduced by 46-fold in a double knockout mutant P/E-/- mice compared 

to wildtype mice and by 20-fold compared to P-selectin knockout mice [43-45].  

P/L-/- mice significantly impaired leukocytes adhesion and rolling post tumor necrosis factor 

TNF-α activation [45]. However, E/L-/- mice didn’t exhibit any change in the number of rolling 

leukocytes in TNF-α-stimulated endothelium [45, 46]. Therefore, P-selectin is an important 

selectin in mediating rolling during inflammation as loss of P-selectin in a double knockout 

mice exhibited a clear reduction in the number of rolling leukocytes and, can also compensate 

for the loss of E-selectin and L-selectin functions [47]. Knockout mice for all the three selectins 

(P/E/L-/-) exhibited a severe reduction in the number of rolling cells in TNF-α-stimulated 

venules compared to double knockout mice [45, 46, 48]. However, few leukocytes were still 

capable of rolling after 6 hours-TNF-α stimulation, indicating the involvement of other 

adhesion molecules in the observed rolling. Therefore, P/E/L-/- mice in addition to ICAM-1 
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were generated and examined for their ability to mediate cell rolling [49]. Although a severe 

reduction in the number of rolling leukocyte was observed, it was not significantly more than 

what was observed in selectin triple knockout mice. Treatment with an antibody against α4-

integrin completely blocked rolling of the few remaining rolling cells. These observations 

suggest a role for α4-integrin in this process [49]. 

The binding specificity of a selectin for a specific ligand is determined by the length of the SCR 

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 the lectin-like domain of the 

selectin [1]. Residues of EGF-like domains may contribute less to binding [50-53]. The number 

and length of SCRs facilitate the recognition between selectins and their ligands because it 

allows the selectin to extend beyond the negatively charged cloud of the glycocalyx.  

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

to recruit hematopoietic stem cells to home to the bone marrow as well as have importance 

for their maintenance within the bone marrow niche [54, 55]. On the other hand, de novo 

synthesis and expression of E-selectin is stimulated by inflammatory agents such as TNF and 

interleukin-1 (IL-1), disturbed blood flow [56, 57], and bacterial lipopolysaccharide (LPS) [38, 

58, 59]. A few studies elucidated the role of lectin/EGF domain in the interaction of selectins 

with leukocytes but the role of SCR region (Figure 1.3) have not been well defined. It is 

speculated that these regions act as spacers to separate the lectin binding domain from the 

crowded glycocalyx of the cell surface, allowing it to better access its ligands [60] but roles 

beyond this have not been investigated. 
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1.4. Selectin ligands, their structures and specificity 

 
All selectins show an affinity towards a prototypic sialylated and fucosylated structure known 

as sialyl-Lewis x (sLex) (NeuAcα2-3Gal1-4(Fucα1-3)GlcNAc1-R) expressed on either a 

glycoprotein or glycolipid backbone (Figure 1.3) [1]. The binding of the selectin’s lectin 

domain to a 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 [61] (Figure 1.4).  
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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 [62]. 
 

Functional selectin ligands require post-translational modification of scaffold proteins by 

glycosyltransferases (GTs) and sulfotransferases [56, 63-65]. The minimal recognition motif 

for selectin is sLex or its isomer sLea, expressed on either O-glycan or N-glycan chains (Figure 

1.3) [13]. The synthesis begins with N- and O-glycan precursors. Several enzymes in the Golgi 

aparatus participate in the syntheis of O-glycan in a stepwise manner. First, N-

acetylgalactosaminyltransferase (GalNAcT) adds N-acetylgalactosamine (GalNAc) to the 

hydroxyl group of serine or threonine residue [66].  The structure is further extended by the 

addition of galactose (Gal) by Core1 β1,3 galactosyltransferase (Core1GalT). Core1-O-glycan 
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structures can be branched into Core2-O-glycan by the activity of β6-N-

acetylglucosaminyltransferase-I (C2GnT-I) that adds an N-acetylglucosamine (GlcNAc) to 

GalNAc. Core1-O-glycan structures can be terminated from branching by the activity of α(2,3)-

sialyltransferases (ST3Gal) [66]. On the other hand, N-glycan synthesis begins with a readily 

synthesized oligosaccharide in the cytoplasm of the endoplasmic reticulum (ER) [66]. Sugars 

are added and removed from and to this oligosaccharide to finally produce a structure 

composing of two GlcNAc, nine mannoses (Man) and three glucoses (GlcNAc2Man9Glc3). This 

structure is then transferred through the lumen of the ER to the nitrogen (N) of asparagine of 

a newly produced protein in the ER lumen [66]. Next, the procedure continues in the Golgi 

aparatus with β1,2 GlcNAc-transferase (MGAT-I) adding GlcNAc on α(1,3) mannose. The 

addition of sugars continues with repetitive additions of galactose (Gal) and GlcNAc by 

β(1/4)Galactosyltranferase (GalT) and β(1,3)N-acetylglucosaminyltransferase (GlcNAcT), 

respectively [66]. These repeatitions of Gal and GlcNAc create lactosamine type 1 or 2 

(Galβ1,4GlcNAc or Galβ1,3GlcNAc, respectively) that are readily available for sialyation 

(ST3Gal) and fucosylation. sLex or sLea are formed on either O-glycan or N-glycan chains by 

α1,3 or α1,4 fucosyltransferase and α2,3 sialyltransferase (Figure 1.3) [13]. 

The high sensitivity of a particular selectin ligand to neuraminidase treatment in cell-cell 

adhesion assays reveals that selectin-dependent adhesion relies on sialic acid. Also, studies 

have shown that fucose is a requirement for the binding of all three selectins with their 

ligands. Moreover, L- and P-selectin, but not E-selectin, additionally require sulfation on their 

corresponding biological ligands [67, 68]. 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 that is known to be the major physiological ligand for P-

selectin [56, 68, 69]. 
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Many proteins are proposed to be ligands for one or more selectins. For a molecule to be 

considered as a selectin ligand, it should 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; and 3) selective recognition of 

the ligand by the specific selectin [63]. PSGL-1 is the first ligand described to bind with high 

affinity to P-selectin [70-73] when properly glycosylated and tyrosine sulfated. CD24, CD34 

are known glycoprotein ligands (besides PSGL-1) that can interact with P-selectin to date [74, 

75]. CD34 and PSGL-1 are also ligands for E-selectin but PSGL-1 binds more selectivity to P-

selectin [63, 75]; P-selectin displays higher binding affinity to PSGL-1 (nanomolar binding 

affinity) than E-selectin [76-78] but E-selectin has 10-fold higher binding affinity to sLex [79]. 

Although there are limited P-selectin ligands identified, researchers describe a number of L- 

and E-selectin ligands. L-selectin ligands include PNAd mucins such as: glycosylation-

dependent cell adhesion molecule 1 (GlyCAM-1), CD34, 200 kDa glycoprotein (gp200), and 

mucosal vascular addressin cell adhesion molecule 1 (MAd-CAM-1) [64, 80-84]. These ligands 

display sLex structures on O-glycans of the polypeptide backbone (serine or threonine). E-

selectin ligands include a number of ligands that either display sLex structures on N- or O-

glycans such as: ESL-1 [85, 86], PSGL-1, CD44, CD43 and CD34 among others [75, 87]. In fact, 

E-selectin is a more promiscuous selectin as it appears to bind many more ligands than it’s 

other family members.  

The binding of selectins to ligands triggers conformational changes in selectin structures that 

as indicated by studies of crystal structures of P- and E selectin and by small angle x-ray 

scattering (SAXS) [62, 88, 89]. Understanding the dynamics of these conformational changes 
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and the role of individual domains in ligand binding and cell migration requires advanced 

studies. 

 

1.5. Föster Resonance Energy Transfer (FRET) real-time imaging of molecular 

interactions and conformational dynamics 

 
Fluorescence/Föster Resonance Energy Transfer (FRET) is a well-known tool that utilizes a 

photo-physical phenomenon where the energy transfers from a donor fluorophore to an 

acceptor in a distance-dependent manner (from 1 nm to 10 nm) [90]. In the case of 

biomolecules, the donor and acceptor dyes can be linked to the two molecules under study 

or to two different regions within one molecule to study conformational dynamics. This 

technique has many advantages including high sensitivity, nanosecond observation timescale, 

distance-dependent measurement range (within the range of most bimolecular interactions), 

the simplicity of the experiment, and the applicability of the technique in vitro and in vivo [90-

92]. 

The FRET efficiency that is strongly distance-dependent has been used in several biological 

areas from protein and nucleic acid structure and dynamics, to observing intermolecular 

interactions [93]. Once the molecules are labeled through specific locations, the efficiency of 

energy transfer from donor to acceptor fluorophores can be measured for inter- and 

intramolecular interactions. 

The main principle of FRET includes the transfer of energy from a donor fluorophore upon 

excitation to an acceptor molecule and the return of the donor fluorophore to the ground 

state. The energy is transferred to an acceptor molecule from an excited donor molecule that 

will be excited, which then returns to the ground state via photon emission [90]. Thus, FRET 
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occurs mechanistically through two steps that happen simultaneously: excitation of a donor 

fluorophore from a ground state that permits the transfer of energy from an excited donor to 

an acceptor that was at the ground state where a photon is emitted (Figure 6) [90]. 

 

Figure 1.6: Schematic representation of FRET in evaluating the conformational change in a protein structure. 
A protein consisting of different types of amino acids is conjugated with a donor fluorophore (green) at one site 
and an acceptor at another site (red), FRET efficiency  in a distance-dependent phenomena (1-10 nm). (A) When 
the donor and acceptor fluorophores are far away from each other, FRET cannot be detected.  (B) When the two 
fluorophores are in close proximity (1-10 nm) upon protein conformational change, the donor transfers energy 
to the acceptor and the acceptor starts emitting fluorescence. 
 

Single molecule techniques are used to study kinetics and conformational dynamics of 

individual biological molecules in vivo and in vitro [94]. This provides a powerful approach to 

investigate the underlying mechanisms including unraveling short-lived intermediary steps 

that could be missed in the ensemble averaging which is associated with bulk phase 

measurements. The conformational change of adhesion molecule structures upon interaction 

with other molecules can be studied using FRET. Nuclear magnetic resonance (NMR) studies 

of very late antigen-4 (VLA-4) integrin revealed that a conformational specific mAb was able 

to access and bind the integrin when in the activated extended conformer and was not able 

to bind in the bent conformation because the binding epitope becomes buried [95]. These 

No FRET FRET

A B
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observations suggest a model for integrin conformational dynamics where the structure 

adopts two main conformers: an extended conformer upon activation and an inactive bent 

conformer [95, 96]. As VLA-4-integrins are responsible for slow rolling in addition to firm 

adhesion, they became interesting targets for extensive studies of integrins conformational 

transformation [97]. The dynamic conformational change of VLA-4-integrin in live cells was 

studied using FRET. A fluorescent peptide that binds specifically to VLA-4 [98, 99] was used as 

the donor fluorophore while the plasma membrane of the cells was labeled using octadecyl 

rhodamine B as the acceptor fluorophore. Ligand binding activation through G-protein-

coupled receptors in combination with divalent cations activation, allowed the measurement 

of the distance between the labeled cell membranes and the labeled ligand bound to integrin 

through the energy transfer to understand the dynamic conformational shifting between the 

inactive (bent) and active (extended) states [100]. Thus, FRET is often combined with other 

fluorescence-based spectroscopic tools, such as single molecule fluorescence energy transfer 

(sm-FRET), resulting in a powerful and sensitive tool for measuring both molecular 

interactions and conformational dynamics [101-105].  
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1.6. The role of E-selectin in regulating downstream signaling pathways in 

HSPCS and AML cells 

 
Selectins are known to be adhesion molecules; nonetheless, they play a role as signaling 

molecules. In particular, selectins are unique signaling molecules in that they function in a bi-

directional fashion by inducing signals in both migrating cells and the endothelium. In L-

selectin, antibody cross-linking against L-selectin on neutrophils results in the activation of L-

selectin and the induction of integrin β-2 (Mac-1) expression [106, 107]. P-selectin on 

thrombin-activated platelets induces phosphorylation on serine residues and tyrosine 

residues. Furthermore, P-selectin was found to be directly associated with tyrosine kinase 

pp60 [108]. Cross-linking E-selectin on HUVEC induces phosphorylation of E-selectin’s 

tyrosine, which recruits Src homology region 2-containing protein tyrosine phosphatase 2 

(SHP2) and subsequent activation of extracellular-signal-regulated kinases Erk 1 and Erk 2 

[109]. On the other hand, selectins can induce signals on migrating cells. For example, PSGL-

1 cross-linking stimulates tyrosine phosphorylation and activation of Ras signaling in 

neutrophils [110], while binding of P-selectin to its ligand activates β2-integrins on leukocytes 

[111]. Moreover, the binding of P-selectin expressed on CHO cells to neutrophils activates 

kinases of the Proto-oncogene tyrosine-protein kinase src (Src) family p54lyn and p56hck78 

whereas the binding of P-selectin to T-cells induces tyrosine phosphorylation on several 

proteins such as pp125FAK and paxillin [112]. Similarly to P-selectin, the binding of leukocytes 

to IL-1β-activated HUVEC cells results in β2-integrin activation on neutrophils [113]. On the 

other hand, the treatment of monocytes with soluble E-selectin induces tyrosine 

phosphorylation [114]. 
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At least two anatomical HSPC (Hematopoietic stem progenitor cells) niches have been 

described in the BM: an endosteal or osteoblastic niche (quiescence) and (peri-)vascular niche 

(activated niche) each with distinct types of regulators that control HSPC proliferation. The 

biological effects of stromal cell-derived factor-1 (SDF-1) at the interface of niche and HSPCs 

are related to its ability to trigger motility, chemotaxis, adhesion, and the secretion of matrix 

metalloproteinases (MMPs) and angiopoietic factors. SDF-1 also activates integrins expressed 

on HSPCs in order to promote firm adhesion. E-selectin was found to be significantly enriched 

in the endothelium of the vasculature near the interface with the endosteal region compared 

to the central sinusoidal vasculature, suggesting a possible regulatory function on the (peri-) 

vascular niche. A study confirmed slower HSPC cycle in mice lacking E-selectin (Sele-/-) 

compared to wild-type mice; this enhanced HSC quiescence and self-renewal potential was 

further induced by the E-selectin antagonist, GMI-1070 in wild-type mice [115, 116]. Thus, 

the expression of E-selectin in the (peri-) vascular niche accelerates HSC proliferation. 

Selectin-mediated adhesion potentially brings leukocytes in proximity to other agonists and 

simultaneously triggers signals for Tie2/Ang1 (tyrosine- protein kinase receptor/angiopoietin-

1), SYK (spleen tyrosine kinase) and SFK (src family kinase) etc. in leukocytes by engaging 

ligands such as PSGL-1 and CD44. These signals are sufficient for some responses, notably 

conversion of β-2 integrins to a higher-affinity conformation that mediates slow rolling. 

Despite these studies, downstream signaling following the engagement of Step 1 (i.e. E-

selectin) and Step 2 (i.e. SDF-1) effectors is largely unknown. Similar to its role in leukocytes, 

vascular niche selectin, i.e. E-selectin, regulates a variety of HSPC functions such as dormancy 

and self-renewal [115]. These functions are highly coordinated and regulated by a variety of 

signaling mechanisms which may be modulated upon engagement of E-selectin within the 

vascular niche to its cognate receptors expressed on HSPCs. E-selectin was shown to directly 



 45 

activate NF-kB signaling which was inhibited when an E-selectin agonist was added [117]. 

Furthermore, another study showed that E-selectin binding also upregulated Wnt (Wingless-

type mouse mammary tumor virus (MMTV) integration site family member) and sonic 

hedgehog signaling pathways [118]. Both of these signaling pathways have shown to be 

uniquely important for Leukemic cells survival. These reports implicate the role E-selectin has 

in activating a multitude of signaling nodes on both HSPCs from normal and/or leukemic 

patients. However, the global assessment of E-selectin mediated activation of different 

signaling in HSPCs remains largely unknown.  
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1.7. Dissertation Objectives 

 
The aim of these projects is to: 

1. Understand the structural basis (structural domains, extension and dimerization) of E-

selectin binding behavior (Chapter 3), 

2.  Employ single molecule FRET imaging to capture in real time the extended and bent 

conformations of E-selectin and to test the proposed catch-bond mechanism by which 

they mediate cell rolling and tethering (Chapter 4). 

3. Elucidate the phosphorylation mechanism that is responsible for activating signaling 

pathways that are triggered upon the binding of E-selectin to hematopoietic cells 

(Chapter 5). 
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Chapter 2 

Materials and Methods 

2.1. Construction of E-selectins expression vectors 

A E-S6-IgG chimera common construct, containing a full-length extracellular region of mouse 

E-selectin and an Fc region of human IgG1 attached with 6x histidine (6XHis) tag, was designed 

based on the structure of commercially available materials (575-ES, R&D systems), except for 

a single mutation that removed the free cysteine residue (S103C; IgG sequence) to eliminate 

crosslinking, then synthesized and obtained at the institutional core facility, Bioscience Core 

Lab (KAUST BCL). The C-terminal 6XHis-tag [119] was replaced with an Avi-double-His-Strep II 

composite tag in E-S6-IgG, E-S2 and E-S0 constructs. Additionally, the monomer E-selectin (E-

S6) was synthesized and obtained similarly to E-S6-IgG (described above), with the addition 

of a TEV cleavage site, and 8XHis [119] and Strep II tags [120], instead of the double-His-Strep 

II introduced to E-S6-IgG. E-S6-IgG was also used as the starting template for synthesizing the 

truncated constructs, E-S2 and E-S0. For the construction of E-S2, the first PCR reaction was 

completed using the forward primer caccATGAATGCCTCGCGCTTTCTCTCTGC and the 

overlapping reverse primers CCATCATGCAAAGCTtccggcctgaacgac, 

tccggcctgaacgacatcttcgaggctcagaaaatcgaatggcacgaacatcatcacc, and 

aggttaCTCGAGtcaatgatgatggtgatgatgtt for the addition of an Avi tag, a single histidine tag 

(6XHis) and an XhoI restriction site. Similarly, E-S0 was produced in a PCR reaction identical 

to the E-S2 PCR synthesis, with the replacement of the reverse primer 

CCATCATGCAAAGCTtccggcctgaacgac with CCCAACTGTGAGCAAtccggcctgaacgacatcttcgaggctc. 

Subsequently, the E-S2 and E-S0 constructs were subjected to a second PCR reaction to add 



 48 

another Strep tag, followed by a second polyhistidine, (6XHis), with the forward primer 

ATGAATGCCTCGCGCTTTCTCTCT and the overlapping reverse primers 

CCAAGCTCTTGAatgatgatggtgatgatgttcgt, catTCAAGAGCTTGGCGTCATCCGCAGTTCGGTGG, 

tcaGTGATGGTGATGGTGATGACCACCGAACTGCGga and 

aggttaCTCGAGtcaGTGATGGTGATGGTGATGAC. The TEV and Avi tags were included for future 

work and are not utilized in the current study.  

Truncated E-selectin constructs were cloned into a pENTR11 (Invitrogen) vector using the 

Gateway™ cloning system for generating recombinant expression vectors. Briefly, E-selectin 

amplicons were digested with XhoI (C^TCGAG), while the pENTR11 (Invitrogen) vector was 

digested with XhoI and XmnI (GAAnn^nnTTC) (New England BioLabs). The fragments were 

directionally cloned into pENTR11 by ligation using T4 DNA ligase (Invitrogen). The Gateway™ 

LR recombination reaction was performed using LR clonase to produce recombinant pEF-

DEST51 and pDEST8 expression vectors (Supplementary Figure 1) containing the different 

forms of E-selectins under the transcriptional regulation of a PPH Polyhedrin promoter. 

Chemically competent OneShot Stbl03 were purchased from Invitrogen and used to prepare 

plasmid DNA. 

SCR only constructs (E-SCR-IgG) were synthesized by using E-S6-IgG as templates in a PCR 

reactions with the following primers: ctaGGTACCATGGTGACTTGCAAACCACAGGAACACC as 

forward and tcatCTCGAGtcaCTACTTTTCGAACTGCGGGTGGCT as reverse. 

PCR reactions were done using pfu PfuTurbo Hotstart DNA Polymerase (Agilent) and 

Deoxynucleotide (dNTP) Solution Mix (New England BioLabs). 

As described above, prepared construct was cloned into pENTR11 by digestion-ligation 

cloning. In addition to digestion with XhoI, digestion reaction was done using KpnI (GGTAC^C) 

(Invitrogen). The Gateway™ LR recombination reaction was performed using LR clonase to 
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produce recombinant pEF-DEST51 (Invitrogen) expression vector. OneShot Top10 chemically 

competent bacterial strain (Invitrogen) were transformed during the steps of plasmids 

preparation. 

cDNAs for PSGL-1 or Fucosyltransferase-7 (FUT7) were cloned into pEF-DEST51 or pDEST26, 

respectively, using gateway reaction as described above (Invitrogen). core 2 beta-1,6-N-

acetylglucosaminyltransferase (core 2 GnT) was cloned into pcDNA-DEST47 (Invitrogen) using 

Gibson cloning (New England Biolabs) using core 2 GnT and primers design generated by 

NEBuilder Assembly Tool: pcDNA-DEST47 Forward CCCTATAGTGAGTCGTATTAATTTC 

pcDNA-DEST47 Reverse ATGGCTAGCAAAGGAGAAG.  

core 2 GnT Forward taatacgactcactatagggATGCTGAGGACGTTGCTG 

core 2 GnT Reverse agttcttctcctttgctagccatGTGTTTTAATGTCTCCAAAGCTTTG. 

PCR reaction using the described primers above (at a final concentration of 0.3 μM) was 

perfomed using KOD Hot Start DNA Polymerase (New England Biolabs) at an annealing 

temperature of 51 °C for pcDNA-DEST47 and 55 °C for core 2 GnT. After adding linkers, 

resultant pcDNA-DEST47 vector and core 2 GnT fragment was loaded into a gel and extracted 

and purified for subsequent cloning steps. Next, purified pcDNA-DEST47 vector and core 2 

GnT fragment were subjected to a PCR reaction using pDEST47-Forward 

CACTATAGGGATGCTGAGGACGTTGCTGCGAAGGA and reverse 

TGCTAGCCATGTGTTTTAATGTCTCCAAAGCTTTG and 1X NEBuilder HiFi DNA Assembly Master 

Mix to generate the final recombinant vector. OneShot Top10 chemically 

competent bacterial strain (Invitrogen) were transformed during the steps of plasmids 

preparation. All primers were purchased from IDT. 
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2.2. Site-directed mutagenesis for constructing FRET mutants 

Produced E-S2 construct in pENTR11 was used as a template for PCR reaction in order to 

produce Cysteines mutations as 4 different pairs: R86C H145C, R86C K160C, R86C A125C, 

R86C F176C. The following set of primers were used: forward 

ACCAAACAACAAACAATGTAATGAGGACTGTGTAG and reverse 

CTACACAGTCCTCATTACATTGTTTGTTGTTTGGT for introducing R86C. Forward 

AGCTTCGTGTACCAATTGTTCCTGCAGTGGTCATG and reverse 

CATGACCACTGCAGGAACAATTGGTACACGAAGCT for introducing A125C. Forward 

TTACACCTGCAAGTGCTGTCCTGGCTTCCTGGGAC and reverse 

GTCCCAGGAAGCCAGGACAGCACTTGCAGGTGTAA for introducing H145C. Forward 

GCAAGCTGTGACTTGCTGTCCACAGGAACACCCTG and reverse 

CAGGGTGTTCCTGTGGACAGCAAGTCACAGCTTGC for introducing K160C. Forward 

GAACTGCTCCCACCCGTGTGGCCCCTTCAGCTATA and reverse 

TATAGCTGAAGGGGCCACACGGGTGGGAGCAGTTC for introducing F176C. In each PCR 

reaction, a set of four primers were used to produce each mutant pair within E-S2 construct. 

All primers were purchased from IDT. Next, DpnI digestion (New England BioLabs) was 

conducted on resultant PCR products to eliminate plasmid DNA used as templates by 

digesting methylated DNA only present in the templates. The Gateway™ LR recombination 

reaction was performed using LR clonase to produce recombinant pDEST8 expression vector. 

OneShot Top10 chemically competent bacterial strain (Invitrogen) were transformed during 

the steps of plasmids preparation. 
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2.3. Generation of stably transfected CHO-K1   

2.3.1. CHO-K1 cells stably transfected with E-selectins 

Calcium phosphate-based transfection was conducted on chinese hamster ovarian (CHO-K1) 

cells as follows: a precipitate is formed by mixing the negatively charged DNA with the positive 

calcium and then with the HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) that 

contributes the negative phosphate. In each performed transfection experiment, around 2.5 

μg of the negatively charged purified plasmid DNA was mixed with 250 mM positive calcium 

to allow condensation of the plasmid molecules with the calcium. Subsequently, 2X HEPES 

was added drop-wise to the previous mixture and left to incubate at 25°C for one minute to 

allow fine precipitate formation. The mixture is then added to the cells in a drop-wise manner. 

The cells are incubated for a period of 4-6 hours to allow settling of the precipitate onto the 

cells and preliminary internalization through endocytosis. In order to enhance the intake of 

the particles, the cells are treated with 10% glycerol for one minute [121]. 

After 5-10 days, cells transfected with pEF-DEST51 plasmid (which possesses an antibiotic 

resistance gene) were cultured in 6 μg/mL Blasticidin containing media (Invitrogen) for about 

10-14 days with regular passage. Subsequently, transfected cells were amplified and adapted 

to suspension culture in 1-liter size spinner flask to scale up for protein production and 

accumulation.  

Untransfected CHO-K1 were subjected to antibiotic titration to generate a kill curve, in order 

to determine the best concentration to be used of the antibiotic prior to subjecting 

transfected cells to antibiotic selection (Supplementary figure 2). The minimum 

concentration of antibiotic that causes complete cell death after 3–5 days was used in 

subsequent experiments.  
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2.3.2. CHO-K1 cells stably transfected with functional PSGL-1 

Cells were prepared and subjected to calcium phosphate-based transfection as described 

above with required genes in a sequential manner. First, cells were transfected with PSGL-1 

and selected for positively transfected cells using Blasticidin as 6 μg/mL 5-10 days post-

transfection for 10-14 days of regular passage.  Positive cells were further sorted for PSGL-1. 

Similarly, PSGL-1 stably transfected cells were transfected with FUT VII and selected for FUT 

VII positive cells using 400-600 μg/mL of Geneticin (Gibco) for 10-14 days of regular passage. 

Finally, selected cells were transfected with C2GlcNAcT-I and positive stable cells were 

selected under 400-600 μg/mL of Geneticin for 10-14 days of regular passage (C2GlcNAcT-I is 

a requirement for P-selectin binding but not E-selectin [122], therefore, this was not utilized 

in the current study). Furthermore, transfected cells were sorted using AutoMACS (Miltenyi 

Biotec) for PSGL-1 with PE-mouse anti-human CD162 (BD) and anti-PE microbeads (Miltenyi 

Biotec) as described by the manufacturer. Subsequently, an additional sorting was done for 

sLex using Anti-Human Cutaneous Lympho (HECA-452) (BD) followed by biotin anti-rat IgM 

(immunoglobulin M) (BioLegend) and finally anti-biotin microbeads (Miltenyi Biotec) as the 

manufacturer instructions. Finally, cells were sorted in BD FACSAria III for the positive E-

selectin binding using mouse anti-strep and PE-anti-mouse IgG1 as described in the flow 

cytometry section. 

Untransfected CHO-K1 were subjected to antibiotic titration to generate a kill curve, in order 

to determine the best concentration to be used of the antibiotic prior to subjecting 

transfected cells to antibiotic selection (Supplementary Figure 2). The minimum 
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concentration of antibiotic that causes complete cell death after 3–5 days was used in 

subsequent experiments.  

 

2.4. Adaptation of stably transfected CHO-K1 as suspension culture 

Cells were scaled up as adherent cells into several T-175 tissue culturing flasks. Next, cells 

were detached from monolayer to suspension as usual using 0.05% Trypsin as described 

above. Cells were then cultured as suspension cells at a starting density of 0.5×106 cells/mL 

in 200 mL media in a 1000 mL capacity spinner flask (Corning) with loosened cap to allow gas 

exchange. Cells were maintained as suspension cells at a spinning speed of 80 rpm at 37°C 

with 5% CO2. 

 

2.5. purification of recombinant E-selectins from media 

Media containing secreted proteins was collected as 1L (liter) volume, filtered and degassed 

for subsequent purification. HisTrap FF (1 mL) (GE healthcare) was used in a one-step 

purification. Binding buffer (buffer A) was prepared with 50mM Tris-HCl, pH=7.6 and 500 mM 

NaCl and used to equilibrate column prior to and after loading the sample with 10 column 

volumes (CV). Collected media was loaded at a flow rate of 1 mL/minute into the column. 

column was washed with 20 CV with buffer A. Subsequently, elution program was done in a 

3-step segmented process: Step1 included 4% of buffer B (50mM Tris-HCl, pH=7.6, 500 mM 

NaCl and 500 mM Imidazole) with 20 CV in 2 mL fractions.  Step2 introduced a gradient of 

buffer B towards a final target of 100% buffer B with 15 CV in 1 mL fractions. Finally, Step3 

included 100% of buffer B with 10 CV in 1 mL fractions. Protein absorption by a 280 nm UV 
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(ultraviolet) was tracked on resultant chromatogram and fractions with eluted protein were 

collected accordingly.  

 

2.6. Confocal imaging of transfection crystals internalization 

35 mm glass bottom plates (Cell-Nest) were coated with Poly-L-Ornithine (0.1 mg/ml) (Sigma-

Aldrich) for 5 minutes, aspirated and left to dry at room temperature for 2 hours. CHO-K1 

were seeded on prepared plates and left to adhere overnight at 37°C incubator supplied with 

5% CO2. The next day, 2.5 μg of DNA was first mixed with 1μL of YO-PRO-1 DNA dye 

(Invitrogen), and used in routine transfection as described above. After the addition of the 

crystals to the cells, crystals were attracted to the cells’ membranes gradually in a recorded 

period of four to six hours. Following that, cells were shocked using glycerol and 

internalization was recorded within the first hour following introduction of glycerol to the 

cells. Cells were kept at 37°C with 5% CO2 during the experiment. Confocal images were 

produced using a LSM 710 laser scanning microscope (Carl Zeiss) and ZEN 2009 software (Carl 

Zeiss) using 40X oil immersion objective. 

 

2.7. Generation of recombinant BmNPVs and purification of recombinant E-

selectins from silkworm 

Recombinant pDEST8 expression vectors, constructed as described above, were used to 

generate recombinant viral DNAs using a BmNPV/T3 bacmid system, as described previously 

[123]. The viral DNAs were isolated using the FlexiPrep kit (Amersham Pharmacia Biotech), 

then transfected into the NIAS-Bm-oyanagi2 (BmO2, kindly provided by Dr. Imanishi) cell line 



 55 

using the FuGENE HD transfection kit (Promega, Madison, WI). Then, four days after 

transfection, the culture medium was gathered as recombinant P1 viruses. High-titer virus 

(P3) stocks were prepared by serial infection following the protocols recommended in the 

manufacturer’s manual (Invitrogen). 

The recombinant E-selectins/BmNPVs were injected into the hemocoel of two-day-old fifth 

instar silkworm larvae (NBRP, provided by the Institute of Genetic Resources, Kyushu 

University Graduate School) using a microliter syringe with a 30-gauge needle (Hamilton Co, 

USA). At four days post-infection, the sera from the silkworm larvae were collected in a 15 ml 

tube containing 20 mM 1-phenyl-2-thiourea. Following brief centrifugation, they were stored 

at -80 °C until use. 

Purification of the recombinant E-selectins was modified from our previously published 

protocol [124]. Briefly, a two-step purification was performed using standard protocols based 

on the tandem, terminal His and Strep tags. First, the serum was diluted with buffer A (20 mM 

Tris–HCl pH 7.4, 0.5 M NaCl, 1mM PMSF) and the recombinant E-selectins was purified by 

nickel affinity chromatography with a HisTrap excel column (GE Healthcare Bioscience, 

Piscataway, NJ), and eluted by increasing the concentrations of imidazole solution buffers 

(100-500 mM imidazole). Then, the eluted solution was concentrated (Amicon 30 K filter, 

Millipore) and diluted with the binding buffer B (100 mM Tris-HCl pH 8.4, 150 mM NaCl, 1 mM 

EDTA, PIC (1 tablet/50ml, (Roche)). A final 50 ml diluted solution was applied to the StrepTrap 

HP column (GE Healthcare), followed by elution with buffer B, which contained 2.5 mM 

desthiobiotin. Finally, the purified recombinant E-selectins were dialyzed against 1X PBS 

(Gibco) (phosphate-buffered saline; pH 7.4), separated through 10% SDS-PAGE 

electrophoresis and quantified by Pierce BCA Protein Assay kit.  
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2.8. Cell lines  

Human acute myelogenous leukemia (KG-1 and KG1a) cell line was used as the model for the 

CD34+ hematopoietic stem/progenitor cells (HSPCs) (ATCC). The cells were cultured in RPMI 

1640 media (Gibco) supplemented with: 10% fetal bovine serum (FBS) (Cellgro) and 100 

unites/mL of HyClone Penicillin/Streptomycin (Invitrogen). These cell lines were grown and 

maintained in a suspension culture under humid conditions in a 37 °C incubator 

supplemented with 5% CO2, at a density of 1×106 cells/mL.  

CHO-K1 cells (ATCC) were cultured in DMEM media (Gibco) supplemented with: 10% FBS 

(Cellgro), 1X MEM Non-Essential Amino Acids Solution (Gibco), 1X GlutaMAX (Gibco) and 100 

unites/mL of HyClone Penicillin/Streptomycin (Invitrogen). Cells were cultured under humid 

conditions in a 37 °C incubator supplemented with 5% CO2. At 80-90% confluency, cell 

passage was done as follows: media was removed and the monolayer of adherent cells was 

washed with 1X PBS (Gibco). Next, Trypsin (0.05%) (Gibco) was added as an amount that 

covers the cells monolayer and incubated in a 37 °C incubator supplemented with 5% CO2 for 

3-5 minutes. Trypsinization reaction was terminated by collecting the detached cells with 

media supplemented with 10% FBS. Finally, cells were washed 2X with 1X PBS (Gibco) and 

cultured at a density that is in correspondence to the culturing flask growth area (cm2). 

HUVEC cells (Lonza) were thawed and cultured in EGM-2 BulletKit media (CC-3156 & CC-4176: 

Lonza) and used after one or two passages for experiments. 
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One million of expanded CD34+ BM were thawed and cultured in StemSpan™ SFEM II (stem 

cells technologies) in 24 wells plate (corning) (1 million per well) and left in 37 °C incubator 

supplemented with 5% CO2 for one day prior to subjecting them to any treatment.  

 

2.9. Treatment of KG1a and CD34+ BM with E-selectin constructs 

Two million cells of KG1a were treated in 2 mL of complete RPMI media in 6-wells plate with 

3.6 μg/mL of E-S6-IgG, E-S6 or E-S0. Similarly, one million of CD34+ BM was treated with E-S6. 

Treated cells were incubated on a rocker at 37 °C incubator supplemented with 5% CO2. Cells 

were collected at different time points post-treatment as indicated in each figure. Lastly, 

Treatment media was removed by centrifugation at 300 rcf for 5 minutes and sample was 

washed 2 times with PBS and centrifuge similarly and subjected to subsequent analysis. 

 

2.10. Activation of HUVEC cells with TNF- α and H18/7 E-selectin blockage 

HUVEC cells were plated in 6 wells plate (corning) at a density of 0.3×106 cells/well. Cells were 

treated with 10, 50, 100, 500, 1000 ng/mL of TNF-α  for 4 hours in EGM-2 BulletKit media 

(treatment was done after the cells reached confluency of around 80%). Cells were washed 

two times with media and tested for E-selectin expression. In another experiment, HUVEC 

cells were activated using 10 ng/mL of TNF-α similar to the description above. Additionally, 

some wells were blocked with H18/7 antibody. For that purpose, cells were washed two times 

and incubated with 50 μg/mL of H18/7 antibody (purified from hybridoma H18/7 HB-11684 

purchased from ATCC, activity of antibody was tested against CHO-E) in plain EGM-2 BulletKit 

media without any additions for 40 minutes in 37°C incubator supplemented with 5% CO2. 
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Cells were then washed two times with RPMI 1640 media (Gibco) supplemented with: 10% 

fetal bovine serum (FBS) (Cellgro) and 100 unites/mL of HyClone Penicillin/Streptomycin 

(Invitrogen), and KG-1 cells were added at a density of 2×106 cells/mL in 2 mL final volume 

and incubated on orbital shaker in 37°C incubator supplemented with 5% CO2 for 1 hour. Next, 

unbound cells were collected then the wells were washed 2 times with pipetting to collect E-

selectin bound cells. Cells were then washed and first collection of unbound KG-1 and last 

wash to collect E-selectin bound cells were subjected to western blot analysis.  
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2.11. Flow cytometry 

The KG1a cells (at a concentration of 1×106 cells/mL) were stained with 10 μg/mL of each of 

the E-selectins, E-S6-IgG, E-S6, E-S2, E-S2-A28H or E-S0, in 100 μL HBSS with 5% FBS, in the 

presence of either 2 mM CaCl2 or 20 mM EDTA, at 4 °C for 30 minutes. Next, the stained cell 

samples were washed with the same HBSS buffer (containing either 2 mM CaCl2 or 20 mM 

EDTA) two times, and further stained with 10 μg/mL of either Strep-tag II monoclonal 

antibody (EMD Millipore), mouse IgG1 PE-conjugated isotype control antibody (R&D), or PE-

rat anti-mouse IgG1 (Clone A85-1) (BD) as the secondary control, and then were incubated at 

4 °C for 30 minutes. The samples were then washed two times with the same washing buffer 

and incubated with 10 μg/mL of PE conjugated-rat anti-mouse IgG1 (Clone A85-1) for another 

30 minutes at 4 °C. Finally, the stained cells were washed again two times. E-SCR-IgG and E-

S6-IgG were stained with PE-anti-human IgG (Fc) (BD Biosciences) for experiments testing 

binding activity of SCR domains. Mouse anti-His antibody (AbD Serotec) was used for 

detecting bound E-selectin in assay comparing the binding functionality of E-S6-IgG from 

silkworm and CHO-K1. Furthermore, pure mouse IgG1 (BD Bioscience) was used as an isotype 

control while alexa flour 488-conjugated rabbit anti-mouse IgG (Invitrogen) was used as 

secondary antibody. Analysis was done using BD FACSCanto (BD Biosciences) and FlowJo 

software (version 7.6.1). Sorting for stably transfected cells for PSGL-1 was done using 10 

μg/mL of the following antibodies per 1 million of cells: mouse anti-human CD162 (KPL-1) 

(BioLegend), purified Mouse IgG1k Isotype Control (MOPC-21) (BioLegend) and PE-Rat anti-

mouse IgG1 as secondary antibody (BD). Removal of staining and washing buffers were done 

by centrifugation at 300 rcf for 5 minutes. AlexaFluor 647 mouse anti-human CD62E [Clone 
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HAE-1F] (BioLegend) and its isotype control APC-mouse IgG1 (Invitrogen) were used to detect 

E-selectin expression on activated HUVEC post TNF-α activation. 

 

2.12. Cell lysis and immunoprecipitation (IP) 

The KG1a cells were lysed using the membrane disruption method with Triton X-100-based 

lysis buffer (150 mM NaCl, 50 mM Tris-HCl-pH=7.4 (Fisher Scientific), 1X of protease inhibitor 

[125], 1 mM of Phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich) and 1% of Triton X-

100 (Thermo Fisher Scientific) at a density of 1×106 cells/16 μL of lysis buffer, and were 

rotationally mixed for 1 hour at 4 °C. The soluble fraction was collected by centrifugation at 

16,000 rcf for 30 minutes at 4 °C. PSGL-1 and CD44 were immunoprecipitated separately from 

the heterogeneous mixture of proteins by incubation with 50 μL of prewashed protein G dyna 

beads (Thermo Scientific) complexed with either 3 μg of mouse anti-human CD162 (cloen KPL-

1) (BioLegend) or 3 μg of mouse anti-human CD44 (clone 515) (BD Biosciences) or Herems-3 

(Novus) and mixed rotationally overnight at 4 °C. Next, the supernatants were removed and 

the beads were washed three times with lysis buffer chilled to 4 °C. Furthermore, 5 μg/mL of 

each recombinant E-selectin was immunoprecipitated using a combination of 50 μL of 

prewashed protein G dyna beads (Thermo Fisher Scientific) and 3 μg of mouse anti-histidine 

(AbD Serotec). The mixture was incubated overnight at 4 °C with rotational mixing and the 

procedure was carried out as discussed above, but without washing. 
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2.13. Preparation of Maleimide labeled proteins 

Cysteine mutants were labeled via maleimide-based chemistry. First, tris(2-

carboxyethyl)phosphine (TCEP) (Sigma-Aldrich) was prepared as 100 mM stock in H2O and 

added to protein stock at a concentration that is 10X more of the protein molarity. Prepared 

mixture was incubated at 4 °C for 30 minutes. Next, Sulfo-Cy3 (Cy:Cyanine) maleimide and 

Sulfo-Cy5 maleimide (Lumiprobe) were prepared in 1X PBS (Gibco) at a final concentration of 

12.5 mM. A concentration of each label that is 10X more of the protein molarity was prepared 

in a mixture and added to the protein. Subsequently, the sample was exposed briefly to 

nitrogen gas and incubated at 25 °C for 30 minutes followed by overnight incubation on 

rotator at 4 °C. Next day,  b-ME (b-mercaptoethanol) (Sigma-Aldrich) was added to the 

prepared protein sample as a reaction quencher at a final concentration of 10 mM and 

incubated at 4 °C for 2 hours. Labeled protein sample was loaded manually into a pre-washed 

(buffer A: PBS or 50 mM Tris-HCl, pH=7.6, 1M NaCl and 50 mM imidazole) HisTrap FF (1 mL) 

(GE healthcare) using a 1 mL syringe (syringe was washed with 1X PBS and 5 mM b-ME to load 

any residual sample). Prepared column was incubated at 4 °C for 15 minutes to allow protein 

binding. HPLC purification method was conducted with a 50 gradient (50% of buffer A and 

50% of buffer B) wash followed a gradient based elution with 100% of buffer B (buffer B: 

PBS+250 mM imidazole or 50 mM Tris-HCl, pH=7.6, 1M NaCl and 250 mM imidazole) as the 

final target with 0.3 mL volume fractions. Resultant fractions were collected and concentrated 

using a 10 kDa cutoff amicon 15 mL-filter at 2095 rcf for 5 minutes at 4 °C. Concentrated 

sample was further purified using Superdex column (GE healthcare) in PBS and 20 mM b-ME. 

Another purification procedure utilized CD44 as an E-selectin ligand: 100 μL of protein G 

Dynabeads (Invitrogen) was prepared by 2 times of washing with lysis buffer. Next, 16 μg of 
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Hermes-3 (Novus) was coupled with the prepared beads then the lysate of 30 million cells 

was incubated with the beads at 4 °C on a rotator overnight. The next day, flow through was 

removed and the beads were washed 4 times with lysis buffer and 1 time with PBS. Finally, E-

S2 double cysteine mutant was introduced to the beads in the presence of 5 mM CaCl2. 

Labeled E-selectin FRET mutants were prepared in loading buffer (100 mM Tris-HCl, pH=7, 4% 

SDS, 20%glycerol, 200 mM DTT (Dithiothreitol)) and loaded into 4–20% SDS-polyacrylamide 

gradient gel in 1X Tris-Glycine SDS buffer. Imaging was done using Typhoon Trio variable 

mode imager (GE healthcare). 

 

2.14. Western blot and polyacrylamide agarose gel electrophoresis (PAGE) 

Protein G dyna beads with immunoprecipitated PSGL-1 and CD44 and Co-IP of E-S6-IgG 

treated and untreated KG1a were prepared for polyacrylamide gel electrophoresis (PAGE) by 

resuspending the beads in 2X NuPAGE lithium dodecyl sulfate sample buffer (Invitrogen) in 

1X PBS (Gibco) and 10% b-ME (Sigma-Aldrich). Treated KG1a cells for phospho analysis were 

prepared by measuring the concentration of the whole cell lysate using PierceTM BCA protein 

assay kit (Thermo Scientific) and equal concentrations of all samples were prepared in 1X 

NuPAGE lithium dodecyl sulfate sample buffer (Invitrogen) and 10% b-ME (Sigma-Aldrich). 

Samples then were heated at 95 °C for 5 minutes to assess the denaturation process (and to 

assess releasing the capturing antibody in the case of the immunoprecipitated PSGL-1 or CD44 

from the protein G beads and into the solution). For the western blot analysis, the prepared 

samples were loaded into a 4–20% SDS-polyacrylamide gradient gel (Bio-Rad) in 1X Tris-

Glycine SDS buffer (Sigma-Aldrich), and transferred to an immunoblot PVDF (Polyvinylidene 

fluoride) membrane (Bio-Rad) in 1X Tris Glycine buffer (Sigma-Aldrich). The resulting 
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membrane was blocked with 5% of nonfat milk in 1X TBST buffer (Cell Signaling Technology) 

containing 137 mM Sodium Chloride, 20 mM Tris, and 0.1% Tween-20 at pH 7.6 (the final 

buffer was supplemented with 2 mM CaCl2 or 20 mM EDTA in case of E-selectin binding assay) 

or with 5% BSA for phosphorylation detection. The prepared blots were stained individually 

with 1 μg/mL of E-S6-IgG (either homemade from silkworm or produced from NS0 cells 

(R&D)), E-S6, E-S2, E-S2-A28H or E-S0 in 1X TBST buffers containing CaCl2 or EDTA,  and were 

subsequently stained again with 1 μg/mL Strep-tag II monoclonal antibody, followed by 

incubation with 0.057 μg/mL of HRP-conjugated goat anti-mouse IgG (Thermo Scientific) or, 

for staining the dimeric E-S6-IgG proteins from both silkworm and mammalian cells, directly 

with HRP-Goat anti-human IgG (SouthernBiotech) at 1:10,000. 

Phospho membranes were incubated with 1 mg/mL of Anti-Phosphotyrosine antibody [PY20] 

(Abcam; ab10321) or non-phospho PTEN (Ser380/Thr382/Thr383) (D2D11) Rabbit mAb (Cell 

Signaling Technology) or with CD44 antibody (NB600-1457) A3D8 (Novus) or 1:10,000 dilution 

of β-actin and were subsequently stained with secondary antibodies: goat anti-mouse IgG 

(Thermo Scientific) or HRP-conjugated goat anti-rabbit IgG-HRP (Cell Signaling). 

Lastly, the membranes were exposed to SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific) for visualization via chemiluminescence reaction. The 

immunoprecipitated E-selectins were prepared similarly to the SDS-PAGE samples and 

subjected to the western blot analysis discussed above using mouse anti-histidine (AbD 

Serotec). 

To characterize the possible aggregation properties of our E-selectins, protein samples were 

also prepared for native gel electrophoresis at a final volume of 10 μL in 1X of 4X native PAGE 

sample buffer (Invitrogen). The prepared samples were loaded into a 10%-10 wells TBE gel 
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(Novex), and electrophoresis was conducted in 1X Tris-Glycine buffer for 3 hours at 200 

voltages. Subsequently, the resulting gel was stained using G-250 CBB stain (Millipore), then 

destained in water. 

Moreover, Co-IP of CD44 from E-S6-IgG treated (24 hours) and untreated KG1a were resolved 

in 4-20% criterion gel (Biorad) and stained with G-250 stain similarly followed by destaining 

using Coomassie Brilliant Blue R-250 destaining solution (Biorad). 

 

2.15. Mass Spectrometry 

Bands from SDS-PAGE of Co-IP’ed proteins via CD44 before and after treatment with E-S6-IgG 

were excised in three molecular weight ranges: from 250 to 75, from 75 to 37 and from 37 to 

10. 

Excised pieces were further cut into small pieces and processed using IGD kit (Sigma) as 

manufacturer’s instructions. Next day, trifluoroacetic acid (TFA) was added to samples at a 

final concertation of 2%. Resulted solution was collected without gel pieces and Acetonitrile 

(ACN) was added to gel pieces at 37 °C to extract more peptides from gel pieces. Solution was 

collected and added to solution from previous step and dried using Speed Vacuum (Thermo 

Scientific) system for 2-3 hours. Samples were resuspended using 100 μL of 0.1% TFA 

Next, destalting of the sample was done using ZipTip columns 10X (Millipore) as follows: 

columns were installed in a pipette and washed 3 times with 100% methanol by pipetting up 

and down and equilibrated by 0.1% TFA. Subsequently, sample solution was collected through 

the column and pipetted up and down and solution was placed back into tubes. Columns were 

then washed 3 times using 0.1% TFA. Finally, peptides solution were eluted using 75% of ACN 

and dried using Speed Vacuum, resuspended in 3% ACN and FA (formic acid) buffer, and 
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subjected to mass spectrometry analysis using Liquid Chromatography Mass Spectrometry 

(LCMS) in corelabs facilities. Detected peptides list was blasted against human proteins 

database and further analyzed using MassScot (Matrixscience). 

 

2.16. Surface plasmon resonance (SPR) 

Affinity and kinetics assessments of the E-selectins’ binding were performed using the Biacore 

T-100 system on a carboxymethylated (CM5) dextran sensor chip (GE Healthcare) at 25 °C, as 

described previously [126]. First, the system and the flow cells of the sensor chip were washed 

in two priming steps using filtered (through 0.2 μM filter) and degassed 1X HBS-EP buffer 

(0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) (GE Healthcare). 

Mouse anti-human CD44 Hermes-3 (Abgent) was immobilized on each flow cell of the CM5 

surface using an amine-coupling procedure. In this method, each flow cell was activated by 

injecting a 1:1 ratio of N-hydroxysuccinimide (0.1 M) and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (0.4 M) for 8 minutes at a flow rate of 5 μL/min. Then, 20 μg/mL 

of the antibody was injected in 10 mM sodium acetate phase (pH=5.0) at a 10 μL/min flow 

rate, to allow amine-mediated immobilization of the antibody on the CM5 flow cell surface; 

the resulting amount of immobilized antibody was monitored as indicated in Figure 4 (4000-

9000 RU). Finally, the unoccupied carboxyl sites were deactivated by injecting 1 M 

ethanolamine hydrochloride at a flow rate of 5 μL/min over a total period of 8 minutes. Using 

the same procedure, mouse IgG2a,κ isotype control (BioLegend) was immobilized on a control 

flow cell. To prepare for CD44 IP, KG1a cells were lysed at a density of 3×107 cells in 300 μL of 

a lysis buffer containing 1% Triton X-100, 250 mM NaCl, 50 mM Tris base (pH 8.0) and 1 mM 

CaCl2 mixed on a rotator for 1 hour at 4 °C. Subsequently, the clear phase was collected by 
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centrifugation at 16,000 rcf for 30 minutes. The system was primed twice using a filtered and 

degassed running buffer (50 mM Tris, pH=8.0, 1% Triton X-100, 50 mM NaCl and 1 mM CaCl2) 

in order to exchange the buffer on the flowing cells. CD44 real-time IP was initiated by 

injecting the lysate at a 20 μL/min flowrate for 13 minutes, followed by a 15-minute washing 

step. The E-selectins were titrated in running buffer and injected at a sequence of 

concentrations, as indicated in Figure 3.16. Each injection lasted for 1.5 minutes at a flow rate 

of 20 μL/min, and 1-minute washing steps were included between the injections. The data 

analysis was conducted using Biacore evaluation software, as described previously [126], and 

the kinetics and affinity profiles were generated.  

 

2.17. Cell rolling assay 

The cell rolling assay permitted us to evaluate the incorporated shear stress conditions on the 

physiological interactions of the E-selectins with their ligands. In this assay, the six channels 

of an uncoated μ-slide VI 0.1 microscopy chamber (ibidi) were coated with protein A (Thermo 

Scientific) at 10 μg/mL in HBSS (Gibco) for 16 hours, then each channel was washed in one 

step. After the channels were completely dry, mouse anti-histidine (AbD Serotec) was added 

as a second coating layer at a concentration of 10 μg/mL in HBSS for 1 hour at 4 °C. The E-

selectins (E-S6-IgG, E-S6, E-S2, E-S2-A28H and E-S0) were added to the channels at 5 μg/mL 

(diluted in HBSS) and incubated at 4 °C for 16 hours to uniformly immobilize them by utilizing 

the histidine tag located at the C-terminus of each E-selectin (Figure 3.5). Next, the channels 

of the chamber were washed and blocked using HBSS containing 1% BSA for 1 hour at 4 °C, 

then washed again.  

Shear stress within a rectangular channel was calculated by an equation [127] as follows: 
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𝜏 = 6𝜇𝑄/𝑎(𝑏 

Where 𝜏 is the shear stress (dyn/cm2), 𝜇 is the viscosity of the fluid (0.00076 Pa.s), a and b are 

the height and width of the channel (0.1 mm and 1 mm, respectively). 

The prepared chamber was placed on the stage of an inverted microscope (Olympus) 

connected to a CCD camera to visualize and record the rolling events using Cell Sens software. 

The inlet of each channel was connected by a tube (0.8 mm silicone tubing from ibidi) to a 

cell-containing buffer (1.2×106 cells in 1 mL of HBSS containing 1% BSA and 0.5 mM CaCl2 or 

5 mM EDTA), while the outlet was connected to a highly programmable Harvard syringe 

pump. The suspended KG1a cells were gradually drawn through the channel at various shear 

stress rates corresponding to a sequence of 1 dyn/cm2 (0.01 mL/cm2), 2 dyn/cm2 (0.02 

mL/cm2), 3 dyn/cm2 (0.03 mL/cm2), 4 dyn/cm2 (0.04 mL/cm2), 5 dyn/cm2 (0.05 mL/cm2) and 6 

dyn/cm2 (0.06 mL/cm2) for 30 seconds each. The recorded rolling incidents of the KG1a cells 

on the immobilized E-selectins were analyzed using Imaris software to evaluate the number 

of rolling cells and their rolling velocities on each E-selectin.  

 

2.18. Statistical analysis 

Data are reported as the means±S.E (Standard error). Statistically significant differences 

between the means of each E-selectin were resolved using an unpaired student’s t-test. 

Statistical significance was defined as p £ 0.05.  
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Chapter 3 

Functional E-selectin Binding is Enhanced by Structural Features Beyond the 

Lectin Domain 

3.1. Introduction 

The multi-step paradigm of a migrating cell (e.g., stem cells, leukocytes and circulating tumor 

cells) out of the blood is an integrated sequence of events that eventually leads the cell of 

interest to leave the blood circulation and enter an organ/tissue of its destination. This 

sequence of events is initiated by the interaction of the selectins (E-, P- and L-selectins) with 

their ligands [1, 2, 4]. The first step of homing is 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 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 the 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 

takes place [128]. Although each step in this process is important, the interactions mediating 

the first step of this cascade are essential for initiating the process. As a result, studying 

selectins is integral to understanding the initiation of the migration process. 

E-selectin is constitutively expressed on bone marrow endothelium where it acts to recruit 

circulating hematopoietic stem/progenitor cells (HSPC) from the blood in a highly regulated 

manner and is also important for the maintenance of HSPCs within the niche [55, 129]. E-
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selectin, along with its other family members (P- and L-selectin), collectively show affinity 

towards a prototypic sialylated and fucosylated structure known as sialyl-Lewis x (sLex) 

(NeuAcα2-3Gal1-4(Fucα1-3)GlcNAc1-R) [1, 130] which is expressed on either a glycoprotein 

or glycolipid backbone of these ligands [131-133]. Many studies have suggested that the 

primary interaction with these ligands occurs through the carbohydrate binding domain, i.e. 

the lectin domain [134], however less is known about the influence of the remaining 

structural components of the selectin molecule and how they may contribute to binding. 

E-selectin [135], as well as P- and L-selectin [136], is structurally composed of 5 distinctive 

domains: an N-terminal extracellular C-type lectin like domain, followed by an Endothelial 

Growth Factor like domain (EGF), a defined number of Short Consensus Repeats (SCR) with 

60 amino acids per motif, a transmembrane domain and a C-terminal cytoplasmic tail that is 

likely involved in signal transduction regulation [38, 135, 137] (Figure 1.3A). Although the 

three members share similar topological structures, they differ in their binding specificity 

towards a specific ligand which is determined by the structure of the lectin-like domain of the 

selectin, the unique glycosylation on the surface of the ligand that is recognized by the lectin-

like domain of the selectin and the length of the SCR domains of the selectin (E-selectin with 

six SCR domains, P- and L-selectin containing nine and two SCR domains, respectively) [1]. The 

lectin and EGF domains of E-selectin share around 50% sequence similarity between P-, L- and 

E-selectin from the same species at the protein level (Figure 3.1A and B). This high level of 

conservation within the lectin and EGF domains supports their important role in binding 

[136]. Interestingly, the level of conservation drops to only 16% sequence similarity when it 

comes to the SCR domains (Figure 3.1C), raising the question of whether these domains are 

involved in generating binding specificity for certain ligands and suggests that a unique 

functional role exists for SCR domains in promoting improved binding towards specific 



 70 

ligands. Several studies elucidated the role of the lectin/EGF domain in the interaction of 

selectins with their ligands [138-140] but the structural role of SCR on the affinity and binding 

functionality remains elusive. It is speculated that these regions act as structural spacers to 

separate the lectin binding domain from the crowded glycocalyx of the cell surface, exposing 

the molecule to promote accessibility toward its ligand(s) [38]. One study that compared the 

binding functionality of constructs containing either the lectin domain alone, lectin and EGF 

domains alone or lectin, EGF and two SCR domains showed that the removal of SCR domains 

in L-selectin significantly reduced its adhesion activity [141]. In support of this, another study 

illustrated the influence of the number of SCR domains on the binding activity of an E-selectin 

and found that while all constructs tested were similar in their adhesion activity, only full-

length construct with six SCR domains was capable of inhibiting neutrophils and HL-60 binding 

to activated HUVEC monolayers [142]. Although these studies clearly demonstrate the 

importance of SCR domains in the binding activity of selectins, they do not elucidate the level 

of SCR involvement in the functionality of the E-selectin molecule, especially under flow 

conditions.  
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Figure 3.1: Sequence alignment analysis of selectins domains (Lectin, EGF and SCR domains). E-, P- and L-
selectin domains were aligned and sequence alignemnt similarity percentages were generated using Clusal 
Omega. Lectin domain sequences from the three selectins were aligned (A) and resulted in 59 identical positions 
with 50% sequence similarity. Alignment of EGF sequences resulted in 19  identical positions with 51% sequence 
similarity (B). SCR domains alignment resulted in the lowest number of identical positions (10 positions) with 
only 16% sequence similarity (C). Highlighed in gradient grey are the amino acid positions with similarty; 
highlighted in green are positive amino acids and in pink are negative amino acids. 

 

Studies using P-selectin suggest that it adopts a bent (lower affinity) conformation in the 

absence of its sulfated ligand while in its presence it shifts towards an extended (higher 

affinity) conformation [62]. Moreover, P-selectin is found as both a monomer and a 

dimer/oligomer on activated platelets. This heterogeneity in structure of P-selectin is 

suggested to contribute to tethering through the low-affinity monomeric structures while, at 

later stages, the dimerization of extended structures may facilitate stronger binding to 

stabilize interactions during the rolling process [143]. It is unclear if and how dimerization 
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influences the E-selectin binding, or whether the formation of an extended conformer 

between the EGF and lectin domains influences its binding in a manner analogous to that 

observed in P-selectin. 

In this study, we generated five recombinant E-selectin proteins (Figure 3.5) secreted by a 

novel silkworm expression system that included dimeric and monomeric forms harboring 

varying numbers of SCR domains as well as an enforced extended conformer. These E-selectin 

proteins allowed us to demonstrate the influence of the various structural domains on the 

overall ability of E-selectin to bind its ligands. By employing a comprehensive set of assays 

under static and physiological flow conditions, we addressed the functional role of the SCR 

domains in binding ligands presented on KG1a cells, and found that the full-length E-selectin 

proteins exhibit a stronger binding activity towards known E-selectin ligands than proteins 

harboring only two SCR domains. Additionally, the E-selectin lacking SCR domains displayed 

significantly weaker binding activity under the same conditions, suggesting that SCR domains 

contribute to the functionality of E-selectin. We also showed that the conformational 

extension of the lectin and EGF domains and protein dimerization contribute to the efficient 

binding of E-selectin. Interestingly, all three structural elements (dimerization, SCR domains 

and extension of the lectin and EGF domains) collectively contribute to the association rate, 

while the dissociation rate was mainly controled by the lectin and EGF domains. We further 

showed that the association rate of E-selectin binding to its native ligands is relatively slow, 

indicating that E-selectin binding is limited by association rather than dissociation rates. These 

findings correlate, for the first time, a very important physiological role for the association 

rate in the functional binding of a selectin. 
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3.1.2.  Structural-functional relationship of selectins influencing ligand recognition and 

binding 

 
3.1.2.1 Lectin domain 

 
The lectin domain has been shown to play a critical role in ligand binding by mediating 

calcium-dependent interactions with ligands on the migrating cell [144].  

More specifically, a part of the lectin domain has been characterized as being important for 

carbohydrate binding [145]. 

Domain swapping studies have helped us learn a great deal about the significance of the lectin 

binding domain in a selectin’s ability to recognize its ligands. For example, Erbe et al. 

demonstrated that an engineered recombinant chimeric E-selectin, PE-1, where the E-selectin 

lectin domain was substituted by the P-selectin lectin domain, was able to bind to sulfatides 

presenting glycolipids in addition to α2,3 sLex, thus illustrating the acquired ability of this 

engineered E-selectin to bind sulfated structures [146]. These results emphasize the 

importance of the lectin domain as the sole domain capable of characterizing the binding 

specificity of a selectin molecule [146]. However, functional studies of PE-1 binding to ligands 

on HL-60 (Human promyelocytic leukemia cells), revealed that this binding is not identical to 

the binding behavior observed with the wild-type P-selectin IgG chimera, which suggests a 

hidden role of EGF and SCR domains in enhancing the binding affinity of P-selectin [146].  

Moreover, studies with CHO (Chinese Hamster Ovary) cells expressing P- and L-selectin 

chimeras where their lectin domains were exchanged (i.e. P-selectin with lectin domain from 

L-selectin or L-selectin with lectin domain from P-selectin), displayed the ligand recognition 

binding characteristics of the lectin donor rather than the lectin acceptor, where P-selectin 

with the lectin domain of L-selectin gained the recognition and binding properties of L-selectin 
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while L-selectin with the lectin domain from P-selectin exhibited recognition and binding 

properties of P-selectin [147].  

 

3.1.2.2. EGF domain 

 
Cells expressing P-/L- selectin chimera that contains P-selectin lectin and EGF domain bound 

similarly HL-60 as wildtype P-selectin, while chimera containing P-selectin lectin domain 

captured fewer numbers to HL-60 [51]. Interestingly, a chimera containing the P-selectin EGF 

domain only in an L-selectin construct was able to bind to HL-60 (binding to HL-60 is a feature 

of P-selectin but not L-selectin) and to lymph nodes on HEV (a feature of L-selectin) [51]. 

These studies highlight the importance of the EGF domain in the binding functionality of P- 

and L-selectin [51].  Moreover, CHO cells expressing P-selectin chimera consisting of both 

lectin and EGF domains of P-selectin at physiological density had a higher binding affinity 

compared to a chimera consisting of the lectin domain alone. Interestingly, although 

Tryptophan-1 (Trp-1) residue is structurally considered as part of the lectin domain, the 

crystal structure of P- and E-selectin showed that this residue moves along with the EGF 

domain indicating a structural and possible functional importance of EGF domain [148]. CHO 

cells were transfected to express three different P-selectin chimeras at similar sufficient 

densities: PLL (with extracellular region consisting of the lectin domain from P-selectin, EGF 

and 2 SCR domains from L-selectin), PPL (with extracellular region consisting of the lectin and 

EGF domains from P-selectin, with 2 SCR domains from L-selectin) and PPP (with the entire 

extracellular region of P-selectin only). When these three P-selectin chimeras were compared 

for their ability to bind to HL-60 cells, PPL and PPP expressing cells bound to HL-60 at 

comparable levels while PLL expressing cells bound at much lower levels to HL-60 compared 
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to PPL. This study suggests that although the lectin domain can mediate the binding of P-

selectin to HL-60, the EGF domain is required for sufficient binding [140]. 

 

3.1.2.3. SCR domains 

 
Owing to the low conservation of SCR domains among selectins, they were thought to not 

play a considerable role in selectin binding. However, they can have a role in signal 

transduction, stabilizing a selectin structure or improving a selectin binding affinity [149]. 

A study illustrated the role of the SCR domain of E-selectin in ligand binding, where several 

soluble constructs with varying numbers of SCR domains were investigated: i) full length 

construct with Lectin, EGF and six SCR domains; ii) Lectin, EGF and two SCR domains; and iii) 

lectin and EGF domains alone (lacking all SCR domains). In binding studies, the construct 

comprised of the lectin and EGF domains alone was capable of binding to E-selectin ligands 

on HL-60 in vitro. However, binding inhibition studies revealed that the full length construct 

(i.e. construct i) displayed the greatest ability to inhibit both HL-60 cell and neutrophil binding 

to immobilized E-selectin or to stimulated HUVEC [150]. On the other hand, exchanging SCR 

domains between P- and L-selectin showed no effect on recognition or specificity [51]. 

Another group illustrated the importance of the SCR domains (i.e. Complement binding-like 

domains-CBD) in a study that compares the efficiency of Mel-14 mAb (an adhesion blocking 

antibody that recognizes a region within the lectin domain in L-selectin) binding towards the 

lectin domain after the removal of SCR. In this study, three different constructs of L-selectin 

chimeric proteins were tested: i) with lectin domain (L) alone; ii) Lectin domain plus the EGF 

domain (LE) and; iii) Lectin domain plus the EGF domain plus the SCR domains (LEC). 

Interestingly, the adhesion activity of the Mel-14 antibody was significantly decreased when 
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the SCR domains were excluded from L-selectin, suggesting a structural function for the SCR 

domains that influences the functional conformation of lectin binding motif [141]. Moreover, 

blocking the binding activity of E- and L-selectin by mAb EL-246 [151], which binds a region in 

E- and L-selectin SCR domain, was successful under static and flow conditions [152]. 

In vivo homing studies of pretreated lymphocytes with mAb EL-246 showed significant 

blockage of their homing to the peripheral lymph nodes, illustrating the importance of SCR 

domains in these interactions [153]. Other studies investigating the role of SCR domains in P-

selectin binding showed that P-selectin constructs with various numbers of SCR, ranging from 

2 to 6 (including wildtype with 9 SCR domains), were all capable of binding to neutrophils 

under static conditions. Interestingly, differences in the binding behaviors were observed 

when shear stress was introduced, where wildtype and 6-SCR containing P-selecins bound to 

neutrophils at the same levels followed by 5-SCR P-selectin. On the other hand, only a few 

neutrophils were able to attach to 4-SCR P-selectin with high rolling velocities while 3- and 2-

SCR P-selectin were not capable of binding to neutrophils [154]. 

 

3.1.2.4. Structural clustering 

Many studies investigated the clustering behavior associated with selectins and its role during 

the adhesion process of migrating cells. Confocal analysis of IL-1b activated HUVEC cells 

revealed clustering of E-selectin structures associated with leukocyte interactions. More 

specifically, E-selectin clusters were found in association with cytoskeletal fraction of the cell 

membrane and with actin-associated proteins such as paxillin and focal adhesion kinase 

(FAK). However, a mutant E-selectin lacking the cytoplasmic tail that is expressed on COS-7 

cells surface was able to bind to leukocytes in flow conditions, but was not associated with 
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the cytoskeletal fraction [155]. These observations indicate that binding of leukocytes triggers 

clustering of E-selectin through the outside-in signaling through the cytoplasmic domain of E-

selectin and specific cytoskeleton proteins. Moreover, interactions with leukocytes trigger 

redistribution of E-selectin on the plasma membrane. These clusters were found to be in 

association with cholesterol-rich lipid rafts even before engaging with leukocytes. Disruption 

of cholesterol-based lipid rafts specifically disrupts E-selectin lipid raft association [156].  

E-selectin is known to bind with lower affinity than P-selectin, indicating the importance of 

clustering during the rolling process [77, 157]. Interestingly, the number of E-selectin on 

activated endothelial cells has been quantified in vitro to be considerably more than the 

number of P-selectins (~350 sites/μm2 of E-selectin and ~25-50 sites/μm2 of P-selectin) [158]. 

E-selectin clusters and gets internalized through clathrin-coated pits in addition to uniquely 

clustering in lipid rafts of activated endothelium unlike P-selectin that only clusters through 

clathrin-coated pits. These observations shed light on the importance of E-selectin clustering 

on the cell surface during the adhesion process of leukocytes [159]. These data indicate that 

a higher concentration of E-selectin and its clustering may help overcome this lower affinity 

interaction with its ligands compared to P-selectin.  

In micropipette adhesion frequency assay, two types of cells were held head to head by 

pipettes: the first cell was either an RBC coated with dimeric E-selectin or dimeric L-selectin 

(with IgG domain), or a polymorphonuclear leukocyte (PMN) expressing monomeric L-selectin 

or human aortic endothelial (HAEC) cells or CHO cells expressing monomeric E-selectin. The 

second cell was an RBC coated with dimeric or monomeric forms of PSGL-1. 

Photomicrographs revealed that E-selectin was capable of forming dimeric interactions with 
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dimeric PSGL-1 and monomeric interactions with monomeric PSGL-1, while L-selectin was 

only able to make monomeric interactions with both dimeric and monomeric PSGL-1 [160].  

Inducers such as thrombin and histamine trigger the mobilization of P-selectin from Weibel-

Palade body membranes to the endothelial cells plasma membranes [161, 162]. Sequences 

in the cytoplasmic tail of P-selectin facilitate its clustering in clathrin-coated pits that further 

locates in the cell via clathrin-coated vesicles [163]. The high concentration of P-selectin in 

clathrin-coated pits allows the formation of dimeric interactions with PSGL-1 on leukocytes 

before P-selectin internalization. Such interactions increase the frequency of adhering 

leukocytes and slow the speed of rolling [164].  Furthermore, scanning electron microscope 

(SEM) images illustrated that CD63, a molecule often associated with multivesicular 

endosomes, co-clusters with P-selectin leading to the formation of P-selectin clusters which 

support its maintenance on the membranes of endothelial cells  [165, 166]. 

Another group tested the effect of dimeric interactions on rolling stability. In this study, cells 

expressing dimeric and monomeric PSGL-1 were introduced under flow conditions to 

immobilized dimeric and monomeric P-selectin. Tethering rates didn’t differ between the two 

forms of PSGL-1. However, rolling behavior was more stable and resistant to high shear flow 

through interactions with dimeric PSGL-1. One can conclude that these interactions between 

dimeric PSGL-1 and dimeric P-selectin are important for stabilizing the rolling interactions at 

low densities of PSGL-1 and P-selectin or at high shear stress conditions [167].  

Furthermore, P-selectin exists on activated platelets as dimers and monomers suggesting that 

each form could have a unique function. One possibility is that monomeric structures of P-

selectin form weak interactions allowing fast tethers through interactions with ligands on 
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leukocytes in order to initiate rolling. On the other hand, dimeric forms create strong bonds, 

thereby, stabilizing the rolling interactions [143]. Using an SPR approach, another group 

compared the binding kinetics of PSGL-1 binding to sP-selectin (monomeric) and dimeric P-

selectin (PS) and showed higher avidity associated with PS compared to sP-selectin [168].  

In conclusion, all these studies state the important role of dimeric structures of selectins in 

stabilizing the rolling of leukocytes by mediating strong interactions with their ligands, while 

weak interactions create transient tethers through their monomeric forms.  
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3.1.3. The mechanical behavior of selectin-ligand interactions 

Cell adhesion is a complex biological phenomena that involves many interactions and 

mechanisms. Selectin-ligand interactions represent a great model for studying the 

multifaceted mechanism of cell adhesion at the molecular level. Studies at the biochemical 

and biophysical level suggested several models that can explain the mechanism of selectins 

interaction with their ligands, and the contribution of shear force on these interactions [169].  

As force caused by the blood flow is expected to influence the lifetime of the bond formed 

between selectins and their ligands, early studies were able to illustrate how force accelerates 

the dissociation frequency by lowering the energy barrier between the bound and unbound 

scenarios, in this case, termed slip bonds [169], supporting flow-based tethering during high 

flow-rates [170].  In opposition to the dissociation effect of force on selectin ligand bond, 

force can extend the lifetime of the bond by causing a conformational change of selectins that 

permits a more firm bond with their ligands [171], supporting flow-based rolling at lower 

flow-rates [172]. Early studies were only able to detect slip bonds [173, 174] because the 

forces used were very high; the video frame speeds were too slow to capture the shortest 

bond lifetimes that inevitably could have missed existing catch bond states [175].  Together, 

force promotes two arrangements of reversible bonds; the first interaction lengthens the 

lifetime of the selectin-ligand bond (catch bond) until it reaches a maximum where it starts 

to reduce the lifetime of the bond (slip bond) as the force continues to increase. Selectin-

antibody interactions only display slip bond behavior under force while selectin-ligand 

interactions uniquely promote catch bonds in addition to slip bonds suggesting an exclusive 

role for catch bonds in later interactions [176, 177].  Two models have been proposed to 

explain catch bonds: the first one suggests the propagation of conformational change to the 

binding interface of the lectin domain [148, 178], while the second one proposes a sliding-



 81 

rebinding mechanism where bound the ligand slides across the interface as a response to 

force that opens the structure [179, 180]. These two proposed models were concluded from 

the crystalized structure of P-selectin with its ligand [181]. When formed crystals of lectin-

EGF domains of P-selectin were soaked with sLex, a tetrasaccharide that represents the 

minimum binding epitope, the structure adopted a bent conformation where the angle 

between the lectin-EGF is closed (this conformation was also observed for unbound selectins 

[180-183]) (Figure 3.2A). On the other hand, the same structure of P-selectin (lectin-EGF) was 

co-crystallized with an N-terminus glycosulfopeptide of PSGL-1 and resulted in an extended 

conformation where the opening in the hinge between the lectin-EGF domains is correlated 

with the movement of several loops along one face of the lectin domain (Figure 3.2A). One 

loop of interest is near the Ca2+ coordination site that allows for new contact with the fucose 

(Figure 3.2B) and permits a fitted binding site for PSGL-1 sulfated tyrosine [184].  
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Figure 3.2: Crystal structures of the proposed Bent and Extended conformations of P-selectin upon binding to 
sLex and an N-terminal PSGL-1 glycosulphopeptide. (A) A ribbon representation of the bent conformation when 
formed crystals of P-selectin were soaked with sLex where the hinge region between the lectin-EGF domains is 
in a closed angle as indicated in the figure (turquoise) while the structure adopts a more straightened 
conformation (extended) when PSGL-1 glycosulphopeptide is presented (blue). (B) In the extended 
conformation (blue), several loopes move along one face of the lectin domain including a loop close to the Ca2+ 
coordination site that presents new contact with fucose of PSGL-1 (green). This figure is adapted from [185]. 
 

 

Additionally, a recent crystallization study of E-selectin revealed an extended conformer that 

was not previously observed [89]. In these studies, co-crystallization of E-selectin* (a 

construct with lectin, EGF and the first SCR domains) with both sLex and its glycomimetic 

version exhibited almost the same binding behavior, and both triggered an extended 

structure (Figure 3.3). Although bent E-selectin can bind to the ligand, the extended structure 

is favorable upon ligand binding. Furthermore, loops containing Arg84 (Arginine 84) and 

Gln85 (Glutamine 85) residues move towards the ligand binding pocket creating a tighter 

contact with sLex in the extended structure. More interestingly, Glu88 (Glutamic acid 88) 
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replaces Asn83 (Asparagine 83) coordinating the calcium ion, and creating a new interaction 

with fucose, therefore stabilizing the interaction more (Figure 3.3).  

 

Figure 3.3: E-selectin structure extension upon ligand binding. (A); upper panel: Overlay of sLex crystal 
structures (grey) soaked into formed crystals [62] and glycomimetic 1 used in co-crystallization experiments 
(purple). A; lower panel: Overlay of co-crystallized glycomimetic 1 (green) and sLex  (purple). (B) Bent 
conformations of Apo-E-selectin (PDB: 1ESL) [88] and E-selectin with soaked sLex (PDB: 1G1T) (somers) are 
shown in blue and grey, respectively. Extended structures are defined by the angle opening between the lectin 
and EGF domains upon binding with the ligand. Co-crystals of the extended structures are performed with sLex 

C Bent conformation Extended conformation
Binding pocket
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(magenta) and glycomimetic 1 (green). (C) residues rearrangements in the binding pocket of the lectin domain 
in the bent conformation (left; grey) and the extended conformation (right; green). Arg84 and Gln85 move 
towards the binding pocket in the extended conformation (right). Glu88 (in the extended conformation) replaces 
Asn83 and creates a new contact with fucose, in addition to coordinating the calcium ion that is shown as purple 
sphere (rearranged residues are in red boxes) [89]. 
 

An A28H mutant (where the Alanine (A) residue at position 28 is replaced with a Histidine (H)) 

residue which promotes a force-free extended conformation that shifts a loop to open a cleft 

similar to the allosteric model, was introduced to P-selectin to further understand the 

regulated binding mechanics of selectin-ligand interactions. This mutation resulted in a 

conformational change that increases the affinity (regardless of the force) of the selectin to 

its ligand thus supporting the allosteric model of the catch bond [178]. Although it is possible 

that the force can induce the conformational deforming in a way that differs from the 

mutation, the effect of force on the lifetime of the bond wasn’t tested [184]. Another 

mutation in the lectin-EGF interface that also increases the binding affinity in a force-free 

fashion is through the introduction of a glycan wedge (N-glycan site) to induce an opening at 

the lectin-EGF interface that mimics the ligand-bound “extended” selectin state. Amino acids 

30, 31 and 32 in the sequence QNK were mutated to NNT, respectively, by the replacement 

of Q with N and K with T. These mutations create the N-glycan consensus sequence, Asn-X-

Thr (Asn: Asparagine; Thr: Threonine), promoting the addition of N-glycan to the Asn and 

subsequently resulting in a wedge that creates an extended state conformation of the selectin 

having higher binding affinity to PSGL-1 when compared to the wild type. This also supports 

the allosteric model [186] (Figure 3.4). 

Another set of mutants was generated to understand the interaction of E-selectin with sLex; 

these mutants include E8A, a hyperactive mutant where the N-terminal negatively-charged 

Glutamic acid (E) in position 8 was substituted with a nonpolar Alanine (A) within the lectin 

domain. This mutant displays enhanced binding to immobilized sLex (5 times higher than the 
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wild type) [145]. This observation illustrates the importance of this region in ligand 

recognition. On the other hand, a mutation of the positively charged Lysine (K) in position 111 

into Alanine completely abolishes the binding of E-selectin to sLex, which is consistent with 

the fact that a small loop that includes this residue is predicted to be involved in the sugar 

binding from the E-selectin face [145] (Figure 3.4).   
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Figure 3.4: PyMOL cartoon illustration of crystalized E-selectin in complex with sLex showing the location of 
intended mutations. Two sides of the crystal structure are shown (left and right panels). E-selectin is presented 
as a turquoise ribbon; sLex  as green sticks; calcium coordination as a yellow sphere; and the location of mutated 
residues A28, E8, K111 and QNK in green, red, blue and grey, respectively. A28 residue is positioned in the lectin 
domain between the lectin and EGF interface (green, right panel). A force-free extended conformation caused 
by an A28H mutant in P-selectin opens a cleft at the lectin-EGF interface and gives higher affinity to sLex 
compared to the wild type.  E8A mutation (red, left panel) in the lectin domain in E-selectin results in higher 
binding affinity to immobilized sLex. K111A (blue, left panel) mutant abolishes the binding of E-selectin to sLex. 
An NNT (grey, right panel) mutation in P-selectin creates an N-glycosylation site that introduces a wedge, which 
opens the conformation similar to the extended state, and results in higher binding affinity to PSGL-1 when 
compared to the wild type. Analysis was done using resolved E-selectin crystal structure (accession code: 1G1T) 
[62]. 

 

3.3. Objective 

E-selectin is involved in the recruitment of leukocytes during inflammation episodes that are 

associated with many diseases such as atherosclerosis and arthritis. Furthermore, it plays a critical 

role in metastasis and chemotherapy resistance of metastatic cells.  



 87 

Therefore, understanding the details of E-selectin binding can provide insights into creating 

effective inhibitors that block inflammation in autoimmune settings or the metastasis of 

cancer cells. 

The aim of this chapter is to illustrate the effect of SCR domains, extension, and dimerization 

on the functionality of E-selectin.  

 

3.4. Results 

3.4.1. Preparation of E-selectin recombinant proteins for proposed binding studies 

To address the role of SCR domains, structural extension and protein dimerization in the 

binding activity of E-selectin, we have designed our E-selectin expression constructs in a 

versatile manner with varying numbers of SCR domains were generated (Figure 3.5): i) E-S6-

IgG, which is a dimeric full-length protein that consists of a lectin domain followed by an EGF-

like domain, six SCR domains and an Fc region of IgG that aids in the dimerization of the 

molecule; ii) E-S6, which is a monomeric version of E-S6-IgG lacking the Fc region; iii) E-S2, 

which is a truncated protein with only the first two SCR domains; and iv) E-S0, which lacks any 

SCR domains. Also, a mutated version of E-S2 (A28H) was included as the fifth construct 

representing a force-free extended E-S2 structure to assess the possible functional 

compensation for the structural loss of SCR domains (Figure 3.6). 

Furthermore, the production of the constructs included several tags that will facilitate their 

purification procedures through affinity chromatography, detection and immobilization.  

These tags are comprised of histidine (His) tags [119] in single and double forms that improve 

the purification method using a Nickel (resin) mediated binding of the proteins and a Strep 

tag that serves as a purification tag that interacts in a highly specific manner with an 
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engineered version of streptavidin (streptactin) [120], allowing the elution of functional 

proteins under gentle physiological conditions. The constructs with several tags and variable 

numbers of SCR domains were achieved by preparing a sequential number of Polymerase 

Chain Reaction (PCR) reactions. 
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Figure 3.5: Schematic representation of E-selectin constructs. i, E-S6-IgG consisting of the structural domains 
of a commonly used E-selectin-IgG/Fc (dimer) chimera recombinant protein. ii, Monomeric version of full-length 
E-selectin (E-S6). iii and iv, truncated E-selectin formed by domain deletion of either the last four SCRs, producing 
constructs with only the first two SCRs (E-S2), or deletion of all of the SCRs, yielding a minimal construct 
possessing only the main domains for binding (E-S0). Several tags were included at the C-terminus of each 
construct, such as a histidine tag (double 6XHis or a single 8XHis) and a Strep tag, to facilitate the purification 
and subsequent immobilization of E-selectins (note that an Avi tag located after the EGF domain in E-S6-IgG, E-
S2 and E-S0 and a TEV tag included before 8XHis in E-S6 are omitted from this diagram as they were not 
addressed in this study). 
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Figure 3.6: PyMOL cartoon illustration of crystalized E-selectin showing the location of intended A28H 
mutation. E-selectin is presented as a green ribbon and the location of mutated residue A28 (ALA 28) is in red. 
A28 residue is positioned in the lectin domain between the lectin and EGF interface (red). A force-free extended 
conformation caused by an A28H mutant in P-selectin opens a cleft at the lectin-EGF interface and gives higher 
affinity to sLex compared to the wild type. Analysis was done using resolved E-selectin crystal structure 
(accession code: 1G1T) [62]. 
 

 

 

One can raise the question of why protein production should take place in mammalian cells 

although bacterial cells and insect cells can produce larger quantities of protein easily and 

inexpensively at the same time. In most cases, it is best to ensure that proteins are produced 

in their native form so they can more accurately mimic their function in nature. Many 

parameters need to be considered when choosing the correct expression system for 

mammalian proteins such as if the system offers the post translational modifications (PTM’s) 

needed for the function of the protein of interest and if the protein folding machinery is 

available [187]. Mammalian cells have excellent folding and disulfide bond formation 

machinery. However, the type of N-linked and O-linked glycans formed in mammalian cells 
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relies not only on the Asn, Ser (Serine) and Thr residues that are present within the correct 

consensus sequence, but on whether expression cells chosen express the required 

glycosyltransferases to create the glycans [188]. Mammalian cells are often used to produce 

secreted protein more often than intracellular proteins and the advances made in media 

preparation, such as serum-free media, simplifies the purification of the secreted protein 

from the media [189].  

There are some methods that can be used to deliver the gene of interest for expression in a 

given system. Here we used a calcium phosphate-mediated transfection [190] as the method 

of gene delivery. The advantage of this method is that it uses chemicals that are naturally 

present in the culture media, which are not as harmful to cells [191]. Calcium phosphate 

transfection is based on packing the negatively charged DNA with positive calcium. This 

mixture is then added to a phosphate buffer creating crystals that can settle on the monolayer 

of adherent cells and further get internalized by the cell [192]. DNA-containing crystals are 

internalized through endocytosis; endosomal vesicles fuse with lysosomes, and the DNA is 

degraded by nucleases where sizes less than 100 bp are released through lysosomal 

membrane into the cytoplasm [193]. On the other hand, larger DNA fragments remain in the 

lysosome and are hypothesized to be released into the nucleus through secondary 

transporting vesicles of lysosomes or endosomes or after the nuclear envelope is degraded 

during mitosis in proliferating cells [192, 193].  

To observe the live internalization of the crystals in transfected cells, confocal live cell imaging 

was performed. In this experiment, DNA of E-S0 was first mixed with YO-PRO-1 DNA dye  

(green; Invitrogen), and then routine transfection was carried out as described above. After 

the addition of the crystals to the cells, the crystals settled on the cells’ membranes gradually 
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in a period of four to six hours. Internalization happened gradually and clearly within the first 

hour following this shock (Figure 3.7).  
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Figure 3.7: Confocal microscope images of CHO-K1 cells exposed to YO-PRO-1 stained E-S0 construct DNA 
condensed into calcium phosphate crystals. (A) Negative control (untransfected cells), CHO-K1 cells visualized 
under bright field (left panel) and for green fluorescence (YO-PRO-1; right panel). (B) Visible YO-PRO-1 positive 
fluorescent crystals are seen in the perinuclear region of the CHO-K1 cells (right panel). Same area of cells is 
shown in the bright field (left panel). 
 

 

After confirming the applicability of our transfection method, we moved forward to the large-

scale expression of our recombinant proteins from stably transfected cells. For this purpose, 

CHO-K1 cells were transfected with each E-selectin construct by calcium phosphate. Cells 

were cultured and subjected to antibiotic selection Blasticidin for a period of time as 

described in Chapter 2. Cells that survived the antibiotic selection were then scaled up and 

adapted to suspension cultures. 

The transfected cells secreted recombinant E-selectin proteins into the culture media and 

after accumulating 1L of media, it was processed for isolation of the recombinant protein. E-
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selectin recombinant proteins were purified from the culture media through their histidine 

tags (Figure 3.8). 

 

 

Figure 3.8: SDS-PAGE and Western blot of purified E-S6-IgG and E-S2 from CHO-K1.  (A) SDS-PAGE (upper panel) 
analysis was done for E-S6-IgG purified sample from 1L culture by utilizing the double His-tag. HisTrap FF (Fast 
Flow) was used to capture the protein through the double His-tag. As indicated on the gel, different steps of 
purification were included: Flow-through followed by washes with buffer A and finally the imidazole titration by 
buffer B for protein elution. The gel was then stained with brilliant blue to visualize the protein in each well. (B) 
Western Blot of the eluted E-S6-IgG and E-S2 with the antibody against the C-terminal His-tag. E-S6-IgG was 
detected at ~130kDa and E-S2 as a 55 kDa band. 
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3.4.2. Active E-selectin proteins are expressed and purified from silkworm 

To overcome the low level of eukaryotic proteins expressed by the widely used CHO-K1 cells, 

we chose, for the first time, to use the silkworm expression system for E-selectin protein 

production [194] (Figure 3.9). This system provides several advantages: it can synthesize and 

process signal peptides of secreted proteins, it has the machinery to produce proper folding, 

it can incorporate posttranslational modifications such as glycosylation and phosphorylation 

(similar to mammalian cells but with higher yields), and it is cost-effective [195]. We 

compared the binding of dimeric E-selectin produced in silkworm versus the one expressed 

and purified from mammalian cells by using equal amounts of each protein to stain (bind) 

KG1a cells. As shown in Figure 3.10 (upper panel), flow cytometric analysis revealed that both 

proteins bound KG1a cells equally. Also, western blot analysis was conducted to compare the 

ability of each recombinant protein to bind two common E-selectin ligands, CD44/HCELL 

(hematopoietic cell E- and/or L- selectin ligand) and PSGL-1 [126, 196-198]. As illustrated in 

Figure 3.10 (lower panel), both dimeric E-selectin constructs were able to bind these E-

selectin ligands similarly. Overall, these observations highlight the suitability of the silkworm 

as an alternative system for expressing functional E-selectin. 
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Figure 3.9: Expression and purification of recombinant E-selectin proteins in silkworm system. Recombinant 
E-selectin proteins were expressed in silkworm and hemolymph was collected and subjected to a 2-step 
purification: His purification was followed by Strep purification to obtain pure recombinant E-selectin proteins. 
The purification steps and resultant pure proteins were analyzed using SDS-PAGE: A) E-S6-IgG; B) E-S6; C) E-S2; 
D) E-S2-A28H; E) E-S0. The purification fractions and the molecular weights of eluted proteins are indicated on 
the gel. (The expression and purification of E-selectin constructs was done by Professor Takahiro Kusakabe and 
Professor Jae Man Lee). 
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Figure 3.10: FACs and Western blot analysis comparing the binding functionalities of E-S6-IgG from silkworm 
and mammalian cell systems. Upper panel: Flow cytometric analysis comparing the binding functionality of E-
S6-IgG from silkworm versus CHO-K1. E-S6-IgG (A: E-S6-IgG expressed in silkworm; B: E-S6-IgG expressed in 
mammalian cells) was tested for binding to E-selectin ligands present on KG1a cells and showed 98% binding 
from the total live population. Mouse anti-His antibody was used to detect E-selectin protein bound to E-selectin 
ligands on the surface of the KG1a cells in the presence of calcium (orange) or EDTA (red). The blue histogram 
represents the isotype control. Lower panel: CD44 and PSGL-1, two E-selectin ligands, were immunoprecipitated 
from KG1a whole cell lysates and subjected to Western blot analysis in order to directly compare the staining of 
E-S6-IgG from silkworm (A) and mammalian NSO cells (B). Anti-human IgG conjugated to HRP was used to detect 
E-selectin proteins bound to E-selectin ligands in the presence of either calcium or EDTA control (data not 
shown). E-S6-IgG proteins from both expression hosts were similarly capable of specifically staining both E-
selectin ligands.  

 

 

These protein constructs were successfully purified and did not appear to aggregate (Figure 

3.11). On the other hand, the dimeric E-selectin, E-S6-IgG, was primarily dimerized (as 

facilitated by the Fc region) with a small amount showing up as a monomer (faint band in 

Figure 3.11). These observations suggest an absence of aggregation among the E-selectin 

proteins purified from the silkworm system. 
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Figure 3.11: Expression and purification of functional E-selectin proteins. Analytical native PAGE of the 
recombinant E-selectin proteins. E-S6-IgG, E-S6, E-S2, E-S2m (A28H mutant of E-S2) and E-S0 were diluted in 1X 
Native PAGE buffer, loaded on a 10% TBE gel and run in 1X Tris-Glycine buffer. The majority of molecules in each 
recombinant protein sample appear as a single species, with a minor amount of oligomerization in the case of 
E-S6; the majority of molecules in E-S6-IgG appear as a dimer through the C-terminus Fc region, with some 
slightly monomeric versions appearing as a faint band of lower molecular weight.    

 

 

3.4.3. The number of SCR domains and dimerization of E-selectin influence binding to its 

ligands in both static and flow-based assays 

We used flow cytometry to confirm the binding functionality of our recombinant E-selectin 

proteins on known E-selectin ligands under native conditions. In these experiments, KG1a 

cells were used to represent HSPC-like (CD34+) cells, which can bind E-selectin [126, 196]. The 

E-selectin expressed and purified from the silkworm, were incubated with KG1a cells to allow 

them to interact with the different ligands expressed on the cells. The E-selectin proteins were 
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protein (Figure 3.5), then analyzed by flow cytometry. As illustrated in Figure 3.12, E-S6-IgG, 

E-S6, E-S2 and E-S0 were all capable of binding the KG1a cells to varying degrees.  As shown 

in Figure 3.12A, E-S6-IgG bound to the ligands on 96.5±0.8% of the live KG1a population, while 

E-S6 and E-S2 bound to significantly fewer (85.7±2.1% and 76.4±2.1%, respectively; p £ 0.05; 

n=3, compared to E-S6-IgG). Interestingly, we found that the construct containing only the 

lectin and EGF domains (E-S0) bound the lowest percentage of KG1a cells (42.9±6.3%; p £ 

0.05; n=3, compared to all other constructs). E-S6-IgG displayed the strongest fluorescence 

signal, followed by E-S6, E-S2, and E-S0 (Figure 3.12A). Additionally, samples stained in the 

presence of EDTA, which removes divalent cations and inhibits the binding of selectins to their 

ligands, were included as controls to confirm binding specificity (Figure 3.12A).  

Western blot analyses were conducted to determine the ability of the recombinant E-selectin 

protein constructs to bind common E-selectin ligands. To this end, PSGL-1 [198] and 

CD44/HCELL [197] were each immunoprecipitated from KG1a whole cell lysates and 

subsequently subjected to a Western blot analysis to measure their binding to the E-selectin 

protein constructs. E-S6-IgG exhibited the strongest staining for both CD44 (Figure 3.12D; 

upper panel) and PSGL-1 (Figure 3.12D; lower panel) compared to the other constructs. E-S6 

exhibited visibly stronger staining to both ligands compared to E-S2 or E-S0. Overall, these 

results suggest that the strongest ligand binding is to the dimeric form of E-selectin and that 

the SCR domains contribute to this interaction. Since the binding of the E-selectin proteins to 

PSGL-1 and CD44/HCELL was similar, we chose to focus on the latter for further 

characterization of the E-selectin proteins.  
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Figure 3.12: Flow cytometric and Western blot analyses comparing the binding functionalities of the various 
forms of E-selectin proteins to KG1a cells. (A) E-S6-IgG, E-S6, E-S2, E-S2m (A28H mutant form of E-S2) and E-S0 
were tested for their ability to bind to ligands on KG1a cells. Mouse monoclonal anti-strep antibody (followed 
by a fluorescently labeled antibody against anti-Strep) was used to detect the E-selectin protein bound to ligands 
on the surface of KG1a cells in the presence of calcium (green) or EDTA (red). Samples stained with only the 
secondary antibody were included as a control to determine secondary antibody specificity towards mouse 
monoclonal anti-strep antibody (blue). The percentages of KG1a cells bound to each of the E-selectin proteins 
and the geometric means of the fluorescence signals were determined from n=3 independent experiments (n=3, 
a: indicates significance compared to E-S6-IgG, b: indicates significance compared to E-S6, c: indicates 
significance compared to E-S2 and d: indicates significance compared to E-S2m (A28H mutant form of E-S2), p £ 
0.05) and the means are depicted as mean±S.D in (B) and (C), respectively.  (D) Western blot analysis of E-selectin 
protein binding to immunoprecipitated PSGL-1 and CD44. KG1a lysates were prepared, and PSGL-1 and CD44 
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were immunoprecipitated and subjected to the Western blot analysis. The resulting blots (upper panel: CD44; 
lower panel: PSGL-1) were stained with 1μg/mL of E-S6-IgG, E-S6, E-S2 or E-S0, as indicated in the figure, in the 
presence of calcium. Anti-strep mAb was used against bound E-selectin for subsequent chemiluminescence 
detection using HRP-conjugated anti-mouse IgG. Blots stained in the presence of EDTA to confirm binding 
specificity showed no binding activity. 

 

To check if SCR domains can exhibit their own binding activity, we designed a full-length 

construct with only SCR domains where lectin and EGF domains were excluded (E-SCR-IgG). 

This construct was expressed and purified from CHO-K1 cells (Figure 3.13B). FACS analysis of 

E-SCR-IgG binding to KG1a cells showed no binding activity (Figure 3.13A) compared to E-S6-

IgG (Figure 3.13B) construct indicating that the lectin and EGF domains are required for at 

least maintaining the natural binding activity of E-selectin.  

 

Figure 3.13: Flow cytometric analyses comparing the binding functionalities of E-SCR-IgG versus E-S6-IgG to 
KG1a cells. E-S6-IgG (A) and E-SCR-IgG (B) were incubated with KG1a to test SCR domains binding ability in 
comparison to E-S6-IgG. PE-anti-human IgG (Fc) was used to detect bound E-selectin to ligands on the surface 
of KG1a cells in the presence of calcium (blue histogram) or EDTA (red histogram). SDS-PAGE gel showing purified 
E-SCR-IgG at 75 kDa as indicated in B. 
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based binding assay [199-207] was used to achieve a quantitative comparison of the binding 

and rolling velocities of KG1a cells on various immobilized E-selectin protein constructs. In 

these experiments, E-selectin constructs were deposited at similar concentrations in each 

channel of a six-channel microfluidic chamber. In order to position the E-selectin proteins in 

the correct orientation, we used the histidine tag located at the C-terminus of each E-selectin 

construct (Figure 3.5). Each channel was coated with equal amounts of protein A, followed 

by an antibody against the histidine tag (Figure 3.14A) which was found to consistently 

immunoprecipitate each recombinant E-selectin (Figure 3.15). The rolling velocities (Figure 

3.14B) and the numbers of rolling cells (Figure 3.14C) were determined for each E-selectin 

protein and found to be consistent with our observations from the western blot and FACS 

experiments. An analysis of the rolling velocities revealed that E-S6-IgG, followed by E-S6, 

supported the slowest rolling velocities, 0.15±0.03 μm/sec and 0.55±0.05 μm/sec, 

respectively, while the shorter proteins supported much faster-rolling velocities (1.28±0.26 

μm/sec for E-S2 and 4±0.16 μm/sec for E-S0) (Figure 3.14B). Longer constructs with six SCR 

domains supported the highest number of rolling KG1a cells, while significantly fewer cells 

rolled on the truncated constructs (49±6 cells for E-S2 and 23±5.4 cells for E-S0; p £ 0.05; n=3) 

(Figure 3.14C). These data illustrate the importance of the SCR domains and dimerization of 

E-selectin in mediating slower rolling velocities.  
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Figure 3.14: Cell rolling analysis of KG1a cells on immobilized E-selectin proteins. (A) Schematic representation 
of the experimental steps involved in the microfluidics-based flow assay. To ensure the uniform immobilization 
of each of the proteins, identical concentrations of protein A were deposited on each channel of an uncoated 1 
μ-slide VI0.1 microscopy chamber. This was followed by the addition of anti-histidine antibody and, subsequently, 
E-selectin proteins were introduced and captured through their C-terminal histidine tags (refer to Figure 3.15: 
each E-selectin can be pulled down equivalently using anti-histidine). KG1a cells in perfusion buffer containing 
0.5 mM Ca2+ were drawn into the E-selectin-coated channels at various shear stresses (1 dyn/cm2, 2 dyn/cm2, 3 
dyn/cm2, 4 dyn/cm2, 5 dyn/cm2 and 6 dyn/cm2) for a duration of 30 seconds each. (B) Adhesion bar graph of 
rolling velocities (µm/s) from n=3 independent experiments, evaluating the rolling of KG1a on histidine-
immobilized E-selectin proteins in the presence of 0.5 mM Ca2+, represented as mean±S.E (C) Bar graph 
representing the number of KG1a cells rolling on each construct as an alternative measurement for adhesive 
strength from n=3 independent experiments, represented as mean±S.E (n=3, a: indicates significance compared 
to E-S6-IgG, b: indicates significance compared to E-S6, c: indicates significance compared to E-S2 and d: 
indicates significance compared to E-S2m (A28H mutant form of E-S2), p £ 0.05).  
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Figure 3.15: Western blot analysis confirming the ability of anti-histidine to immunoprecipitate each 
recombinant E-selectin. E-S6-IgG, E-S6, E-S2, E-S2m (A28H mutant form of E-S2) and E-S0 were 
immunoprecipitated at equivalent amounts using anti-histidine antibody (n=2). (A) Immunoprecipitated 
samples were subjected to Western blot analysis; their molecular weights are indicated with red arrows. Heavy 
(50 kDa) and light (25 kDa) chains corresponding to denatured anti-histidine antibody are detected in each lane. 
(B) Blots of the flow-through from the immunoprecipitation were simultaneously analyzed and no proteins in 
the flow-through fractions were detected, confirming the efficiency of anti-histidine in capturing each 
recombinant protein. 
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3.4.4. Binding kinetics reveal SCR domains and protein dimerization contribute to the 

association rate  

We used a real-time surface plasmon resonance (SPR) binding assay recently developed in 

our lab [126] to quantitatively evaluate the interaction of the recombinant E-selectin proteins 

with the native endogenous selectin ligands expressed on the KG1a cells. Specifically, we 

captured CD44/HCELL from a KG1a cell lysate via the surface immobilized monoclonal 

antibodies (mAb) against CD44 (Figure 3.16A). Then, the E-selectin proteins were injected in 

sequential concentrations at similar flow rates to determine the equilibrium dissociation 

binding constant (KD) and to estimate the association (kon) [133] and dissociation rate 

constants (koff). The captured CD44 bound various forms of recombinant E-selectin 

constructs, with a KD of 170±20 nM for the full-length dimeric E-S6-IgG and significantly higher 

KD of 2040±490 nM, 5680±1170 nM and 17250±2540 nM for E-S6, E-S2 and E-S0, respectively 

(comparing the KD of E-S6-Ig to other constructs, p £ 0.05; n=3) (Figure 3.16B, C, D and F). To 

better understand the reason for these differences among the KD values of each construct, 

we determined the kon and koff. At the dissociation phase, all of the E-selectin proteins tested 

showed similar koff values, demonstrating that neither dimerization nor the SCR domains are 

required for the stable binding of E-selectin with CD44/HCELL. Strikingly, in contrast to the 

dissociation rate, the association rate constants revealed different binding kinetics. Full-

length E-S6-IgG exhibited a kon (950±110 M-1s-1) that is nine-fold higher (p £ 0.05; n=3) than 

that of monomeric full-length E-S6 (110±15 M-1s-1). Moreover, shorter constructs displayed 

significantly lower kon values; E-S2 exhibited kon values four-fold lower than E-S6 (30±5 M-1s-

1) and E-S0 exhibited kon values 28 fold lower than E-S6 (4±1 M-1s-1) (Figure 3.16G). Consistent 
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with the physiologically relevant flow data above, results from SPR further support that the 

SCR domains are indeed intrinsically important to the improved binding affinity of E-selectin. 

They also reveal the critical roles of both the SCR domains and protein oligomerization in 

influencing the on-rate, but not the off-rate, of E-selectin binding to its ligands. 
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Figure 3.16: Rate constants for E-selectin protein binding to CD44/HCELL. (A) Experimental schematic diagram 
of the SPR-based real-time binding assay. Step 1, mAb immobilization on CM5 chip; step 2, KG1a lysate injection 
to capture CD44/HCELL; step 3, injection of various E-selectin proteins. (B) Binding of titrated concentrations of 
E-S6-IgG to captured CD44/HCELL from KG1a lysates via immobilized Hermes-3 (4113 RU); sensogram 
representation of sequential injections of E-S6-IgG at 0.005, 0.01, 0.02, 0.05, 0.09, 0.19, 0.38, 0.75, 1.5 and 3 μM 
at a flow rate of 10 μL/min for 380 seconds each, spaced by a 60-second washing step. The lysate injection is 
not shown. The sensogram profile was corrected for non-specific interaction by subtracting the isotype control 
(4466 RU). KD and koff values were determined as described previously [126]. kon was calculated using KD and koff 

values. (C) Binding of E-S6 (monomer form of the full-length E-selectin) to CD44/HCELL injected at different 
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concentrations, 0.1, 0.19, 0.38, 0.77, 1.53, 3.06, 6.12, 12.25, 24.49 and 48.98 μM, using similar experimental 
conditions to those described in (B). The RU for Hermes-3 and its isotype control were 8670 and 6770, 
respectively. (D) Binding of truncated E-S2 to CD44/HCELL injected consecutively at concentrations 0.04, 0.08, 
0.15, 0.31, 0.62, 1.24, 2.48, 4.95, 9.9 and 19.8 μM using similar experimental conditions to (B). The RU for 
Hermes-3 and its isotype control were 8450 and 5090, respectively. (E) Binding of titrated concentrations of E-
S2m (A28H mutant of E-S2) to captured CD44/HCELL at different concentrations, 0.2, 0.3, 0.7, 1.3, 2.6, 5.2, 10.5 
and 20.9 μM, using similar experimental conditions to (B). The RU for Hermes-3 and its isotype control were 
6680 and 6360, respectively. (F) Binding of the SCR-deficient E-S0 to CD44/HCELL injected consecutively at 
concentrations of 0.14, 0.27, 0.56, 1.09, 2.19, 4.38, 8.75, 17.50, 35 and 70 μM using similar experimental 
conditions to (B). The RU for Hermes-3 and its isotype control were 6200 and 4900, respectively. (G) Table 
summarizing the binding constants of the E-selectin proteins to CD44/HCELL from n=3 independent experiments 
for each E-selectin (B-F), reported as means±S.E (n=3, a: indicates significance compared to E-S6-IgG, b: indicates 
significance compared to E-S6, c: indicates significance compared to E-S2 and d: indicates significance compared 
to E-S2m (A28H mutant form of E-S2), p £ 0.05).  

  



 109 

 

3.4.5. Introduction of an ‘extended conformation’ mutation improves the binding affinity 

of truncated E-selectin protein  

Previous studies of the interaction between selectins and their ligands improved our 

understanding of the mechanical behavior of selectin-ligand interactions [62, 88, 174, 185, 

208-217]. A major discovery from these studies was the existence of higher affinity forms of 

P-selectin [62] and E-selectin [89], which were achieved by extending the conformation of the 

lectin and EGF domains. To advance our understanding of the domain contributions to the 

binding behavior of E-selectin, we asked if the weak binding affinity of E-S2 could be enhanced 

by an equivalent mutation in the lectin domain (A28H) [217] that mimics the force-free 

extended form of E-selectin [89]. The mutated E-S2 (E-S2m) was tested against the other 

constructs in the same set of assays described above. In the flow cytometric analysis, the 

intensity of the fluorescence signal from the binding of E-S2m to KG1a improved by 1.5-fold 

(83.8±4.2%) compared to E-S2, and this was similar to the number of cells bound by E-S6 

(85.7±2.1%) (Figure 3.12A). Additionally, the fluorescence signal of E-S2m was only 1.7-fold 

(1689±352) lower than that of E-S6, while the signal of E-S2 was 2.6-fold lower than that of E-

S6, making the difference between the fluorescence signals of E-S2m and E-S6 insignificant 

compared to the significant difference observed between E-S2 and E-S6 (p £ 0.05; n=3). 

Moreover, flow-based experiments evaluating the rolling velocities of KG1a cells on 

immobilized E-S2m showed a significant reduction in the rolling velocity (0.33±0.06 μm/sec) 

(p £ 0.05; n=3) compared to E-S2 (rolling velocity = 1.28±0.26 μm/sec), which even 

approaches that of E-S6 (Figure 3.14B). SPR experiments that measured the binding kinetics 

of E-S2m (Figure 3.15E) to immobilized CD44/HCELL revealed an affinity (KD = 2500±660 nM) 
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twice as high as the affinity of E-S2 (KD = 5680±1170 nM), while the difference between the 

affinities of E-S2m and E-S6 (KD = 2040±490 nM) decreased to only 1.2-fold from the 2.8-fold 

difference between E-S2 and E-S6. The kon for E-S2m was 2.7-fold higher (80±6 M-1s-1) than 

the kon for E-S2 (30±5) and approached that of E-S6 (kon = 110±15 M-1s-1) (p £ 0.05; n=3) (Figure 

3.15G). Interestingly, koff was not influenced by the mutation in E-S2m (Figure 3.15E and G). 

These findings indicate that binding can be improved by extending the lectin and EGF 

domains, even under conditions where the binding via the SCR domain is weakened. They 

also show that the extended structure contributes to the on-rate of E-selectin binding, as do 

dimerization and the SCR domains. 
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3.5. Discussion  

Employing a novel silkworm expression system enabled us to purify five different E-selectin 

proteins in high yield and high purity. We showed that the binding activities of E-selectin to 

its ligands were improved by increasing the number of SCR domains, by forming an extended 

EGF and lectin domain structure, and by dimerizing/oligomerizing the protein. These 

observations were consistently verified by the analysis of these constructs in a number of 

static and flow-based assays. Our findings further unveiled that all three of these factors 

contribute to the on-rate of E-selectin binding to its ligands, but do not significantly influence 

its off-rate.  

The contribution of the SCR domains to ligand binding has been shown previously for P-

selectin [218]. In that study, similar numbers of neutrophils attached to P-selectin proteins 

expressing five, six and nine SCR domains under flow conditions. However, higher 

concentrations of P-selectin proteins harboring four SCR domains were required for the 

neutrophils to attach and roll, while P-selectin constructs with three or fewer SCR domains 

failed to bind the neutrophils, even at higher protein densities. Our results from E-selectin are 

consistent with these findings and established that the SCR domains contribute to the 

association rate more than to the dissociation rate.  

To begin to understand how the SCR domains influence the binding affinity of an E-selectin, 

it is interesting to note that quite a low conservation of SCR domains exists (only 16% 

similarity (Figure 3.1C) and 35% sequence identity) among the three selectins [89, 136], which 

could potentially have an effect on the binding functionality of each selectin towards its 

ligands. Moreover, the rigidity within the SCR domains is partially provided by the presence 
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of two disulfide bonds on the terminal regions and one central disulfide bond within each SCR 

domain [38, 89].  

Structurally, SCR domains are indeed important for sufficiently extending the lectin domain 

of E-selectin to access the ligands on cells traveling through the blood. A simple model 

proposes that the full-length E-selectin tends to be in closer proximity to cells in the blood 

flow than the truncated constructs, leading to a higher frequency of interactions with their 

ligands. Additionally, our observations suggest that SCR domains may play a more direct 

functional role in improving the binding affinity of E-selectin; when E-S6-IgG, E-S6, E-S2, and 

E-S0 were introduced in solution to their ligands, they each exhibited distinctive binding 

characteristics. It is likely that the lectin domain is more involved in the actual binding to its 

sLex-expressing ligand, while the SCR domains contribute more to increase the association 

rate by interacting with other regions of the ligand. It is also possible that the SCR domains 

might influence the conformation of the selectin to better expose the lectin and EGF domains 

to facilitate binding to its ligand. Additional structural studies using a fragment of a well-

characterized E-selectin ligand might provide more information for understanding the 

mechanism of SCR domain involvement in the binding functionality of E-selectin.  

The crystal structures of P- and E-selectin containing the lectin and EGF domains exhibited 

two conformational states: bent [62, 88, 89] and extended [62, 89]. In the absence of a ligand, 

the selectin crystals adopted a bent conformation and when sLex was introduced by soaking 

it into the bent crystals, it bound to both selectins without any observed changes to the 

conformation. However, cocrystals formed following the binding of a sulfated fragment of 

PSGL-1 with P-selectin, or the binding of a glycomimetic of sLex with E-selectin, resulting in an 

extended conformation of both selectins [62, 89, 219]. This conformational shift of the E-
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selectin molecule towards a higher affinity extended conformer, upon binding to a 

glycomimetic of sLex [219], was not observed previously in crystal structures of either selectin 

in the presence of soaked sLex [62, 88]. Instead of introducing sLex to bent crystals [62], the 

binding of a mimetic form of sLex to E-selectin was performed in a solution, and the resulting 

complexed molecules were then co-crystalized [89]. The extended conformation of the E-

selectin/sLex complex was further confirmed by the observation of a shift in the small-angle 

X-ray scattering (SAXS) curve, which corresponded to a change in the angle between the lectin 

and EGF domains. A mutation in the lectin domain of P-selectin at position A28H was reported 

to open a cleft in the lectin domain that triggered a stable version of a higher affinity extended 

form of the selectin in a force-free fashion. Since we observed the functional influence of SCR 

domains on the binding activity of E-selectin, we tried to improve the binding of the E-selectin 

molecule bearing only two SCR domains (E-S2) by introducing a similar A28H mutation. The 

mutated form of this E-S2 (E-S2m) showed improvement in the binding affinity compared to 

E-S2, and was capable of overcoming the loss of four SCRs by reaching an affinity near that of 

the full-length monomeric E-selectin molecule (E-S6) with comparable KDs. Furthermore, this 

observation is supported by the slower rolling velocity of the KG1a cells on E-S2m in rolling 

assays compared to the cells rolling on E-S2. These results demonstrate that the extended 

structure of the lectin and EGF domains is another contributor to selectin binding, even under 

conditions where the contribution of the SCR domain is compromised. Interestingly, the 

extended structure acted in a similar manner to the SCR domains in that it specifically 

enhanced the on-rate of E-selectin binding significantly. Although the extended conformer 

decreases the KD to similar fold in P- and E-selectin, the contribution it plays for the 

association and dissociation rates appears to be different. The extended conformer in P-

selectin decreases the dissociation rate [186, 217] while in E-selectin it only influenced the 
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association rate (current study). These results suggest that the extended conformer may play 

different roles in the binding kinetics between E- and P-selectin. 

Species specific differences in binding strength indicate that mouse E-selectin possesses 

stronger binding activity than human E-selectin and that this is correlated to the size of the 

interdomain angle, which is greater in the mouse than in the human form [125]. Consistent 

with these findings, we reported previously that monomeric human E-selectin binds 

CD44/HCELL transiently with fast on- and off-rates [126], while the monomeric mouse E-

selectin, in the current study, bound CD44/HCELL with slow on- and off-rates and as tightly as 

the dimeric form. Use of the mouse E-selectin proteins allowed us to detect functional 

differences among the various constructs KDs’ especially when comparing the high KD values 

associated with E-S2 and E-S0; this would not have been possible with the transient binding 

kinetics measured using the human form.  

A number of studies have focused on the impact of selectin dimerization on binding [155, 

156, 159, 165, 166]. Monomeric E-selectin binds similarly to both the dimeric and monomeric 

forms of PSGL-1, while dimeric E-selectin binds more strongly to dimeric PSGL-1 [160]. 

Similarly, cells expressing PSGL-1 formed much more stable rolling with dimeric P-selectin 

compared to monomeric P-selectin [167] suggesting that dimeric versions of P-selectin (and 

PSGL-1) could support the tethering and rolling stability of cells by increasing their chance of 

forming a new bond after dissociation, i.e., “rebinding”, as the cell is tethering, thus 

prolonging the lifetime of the bond [143]. Furthermore, kinetic studies comparing soluble 

monomeric P-selectin to membrane (mostly dimeric) P-selectin revealed fast-on/fast-off 

binding for monomeric P-selectin and a biphasic-on with a slow-off rate for membrane P-

selectin [77] which is consistent with several binding analyses of the binding kinetics of 
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dimeric and monomeric P-selectin [168, 220]. In our current study both the dimer and 

monomer bind with slow on- and off-rates while the dimer primarily contributes to a 

significantly slower association rate of binding. These findings also support the important role 

of E-selectin clustering in its interaction with its ligands during physiological cell adhesion 

processes. Nonetheless, other factors on the rolling cell can improve the slow-on rate 

including the reorganization of ligand clusters as observed with CD44 increased clustering size 

after rolling of KG1a on immobilized E-selectin especially under the effect of shear stress 

[221]. 

Overall, our results consistently showed that mouse E-selectin binds with slow on- and off- 

rates to native E-selectin ligands. This is in contrast to the fast on- and off-rate reported for 

the human monomeric form of P- and E-selectin [126, 186, 217] and for mouse E-selectin 

binding to ESL-1 [157]. It further showed that SCR domains, conformational extension, and 

dimerization all collectively contribute to the association rate, while the lectin domain is 

responsible for the dissociation rate. Under physiological conditions of sheer force, the 

reported differences in the association rate have dramatic effects on the functional binding 

behavior of E-selectin. It is critical to quantitively characterize the association and dissociation 

rates of selectin binding to their well-characterized native ligands. We believe that the 

silkworm expression system will introduce new capabilities to the selectin field at large, to 

help move it towards more quantitative (such as SPR and Isothermal Titration Calorimetry) 

and structural approaches (such as SAXS, crystallography and cryo-electron microscopy) to 

understanding these interactions. 
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Chapter 4 

Mapping the Conformational Dynamics of E-selectin upon Binding to its 

Ligand  

 

4.1. Introduction 

 

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 

[169]. 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, the dissociation of the bond was found 

to be a function of shear stress [222]. Therefore, the behavior of this type of adhesion can be 

hypothesized as a “catch bond” that becomes stronger with force, which becomes resistant 

to shear force until a certain threshold is reached, where this effect is reversed as “slip bonds” 

behavior and force beyond the threshold results in fast rolling [223]. This behavior is 

consistent with the Hookean spring model that hypothesized the bond property to be similar 

to a spring mechanical property [224, 225]. Additionally, it was established that the selectin 

ligand-bond is remarkably strong where the koff increases moderately as force is applied [226]. 

In the context of structural biology, crystal structures of P- and E-selectin exhibited two 
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conformational states: the bent and extended conformation [62, 89, 182] (Figure 4.1) where 

they differ in the angle size 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 [180-183].  The P-LE (P-selectin consisted of lectin and EGF domains) 

crystal is 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 50% similarity of 

lectin/EGF domains between selectins [182]. Also, P-LE lectin/EGF domains contribute a small 

portion of the interface upon interaction which makes the interdomain more maintained and 

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

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

molecular structures [182]. 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. E-selectin exhibited an extension in the structure that has higher affinity binding 

when co-crystalized with a sLex glycomimetics [89]. Nonetheless, cocrystals were formed by 

a fragment of PSGL-1, and resulted in the extended conformation for P-selectin [184]. Also, 

these structural experiments showed that selectin and sLex interactions are completely 

electrostatic [182].  Furthermore, hydrogen bonds that are present in the lectin-EGF interface 

contribute to the stabilization of the two conformational states [148].  
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The dynamic conformational shift from the unbound to the highly resistant to shear stress 

extended conformation is expected to happen in one of two 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/EGF 

domains. The other possibility suggests that disruption of the lectin/EGF interface 

nonspecifically can induce a conformational shift to the extended favorable conformation 

that is transmitted up through the EGF/lectin until the lectin domain face reaches the binding 

site of PSGL-1. These types of questions need further investigation in order to be addressed 

[62]. 

Ensemble-based experiments do not provide information about the dynamic behavior of 

individual molecules in biological reactions; instead, the behavior of these molecules is 

averaged. In vivo, biomolecules perform more dynamically in more complicated systems that 

include different types of molecules, as seen in complex adhesion processes such as homing 

[227]. Single molecule techniques are expected to overcome these difficulties by unraveling 

the dynamic 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 [227]. 
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4.1.1. Studying Protein Dynamics using sm-FRET 

Proteins behave dynamically during biological processes in different events such as 

movement, folding, and making interactions. Traditional bulk-based assays can only provide 

averaged measurements that consider all participating molecules in a process with fewer 

details about individual molecules. On the other hand, single-molecule measurements 

provide detailed information about individual contributing proteins where experiments can 

be done under a broad range of conditions and periods. In these experiments, proteins are 

labeled in a way that enables tracking them, and sm-FRET is conducted to observe individual 

populations in order to determine different states of the protein during its dynamic behavior. 

Furthermore, we can understand the intermediate phases and methods utilized by the 

protein between these states of folding [228].  

Sm-FRET has been used to understand the complex nature of protein folding. The first 

attempt to study protein folding using sm-FRET utilized a direct diffusion method that 

revealed two folding states of chymotrypsin inhibitor [229]. Additionally, studies of cold-

shock protein (Csp) folding utilized a double-labeling method of the protein and illustrated 

that by using an array of rigid standards, the limit in the reconfiguration time that the protein 

takes in the unfolded state to go back to the folded state was recovered in these experiments, 

but such parameters cannot be controlled in ensemble studies [230].  Measuring folding 

kinetics using a microfabricated laminar-flow tool further supported these studies with Csp.  

Sm-FRET established the basic aspects of the catalysis of some enzymes. Labeled adenylate 

kinase (Adk) was studied for its ligand-bound and unbound states in solution and immobilized 

on a surface. Solution-based sm-FRET showed that a conformation comparable to the closed 

conformer dominated the majority of the population in both bound and unbound states. 

Additionally, immobilization-based sm-FRET also showed similar results and estimated the 
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rates of interconversions from open (ligand-free) and closed structures (ligand-bound) which 

is consistent with NMR data [231] with the addition of evaluating the level of the dynamics 

by sm-FRET. Therefore, sm-FRET is considered a powerful tool to obtain direct evidence about 

protein dynamic behavior. 

 

4.1.2. Selectins’ structural behavior in cell rolling 

Selectins create catch-bond behavior where force prolongs the lifetime of selectin-ligand 

interactions [232] as observed with P-selectin [213, 217], L-selectin [211, 214, 215, 233, 234], 

and E-selectin [235, 236]. The catch-bond phenomena is important for selectins behavior 

underflow during tethering and rolling of leukocytes [136]. Catch-bond behavior is translated 

in the context of cell tethering and rolling through the shift between two structural 

conformers in the bound and unbound states: a bent conformer with low binding affinity and 

an extended structure that opens the angle between the lectin and EGF exhibiting high affinity 

binding where the movement of several loops takes place in the lectin to create tighter 

binding with the ligand [213, 217, 235, 236]. This was shown by the introduction of a mutant 

of P-selectin where mutating an alanine at position 28 into a histidine opens the structure to 

a fixed force-free extended conformer. This mutant exhibited high binding affinity under 

static conditions and didn’t support the rolling of leukocytes under flow conditions [186, 217]. 

In crystallography studies, P-selectin was able to exhibit an extension in its structure in the 

presence of a glycopeptide that includes sLex and three sites of tyrosine sulfation [88]. 

Furthermore, E-selectin also exhibited extended structures when the sLex mimetic was co-

crystalized with E-selectin instead of soaking it into preformed crystals. As these selectins are 

important for leukocyte migration to target sites of inflammation, they have been an 
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interesting target for therapy for inflammatory diseases that are associated with 

cardiovascular and autoimmune diseases [237]. 

The first successful attempt at creating an effective E-selectin antagonist used GMI-1070 

(Rivipansel) as an inhibitor for E-selectin during sickle red blood cell interactions, and 

leukocytes, consequently, reducing inflammatory responses and improving blood circulation 

[238]. Therefore, understanding the mechanical basis of E-selectin dynamic behavior can lead 

to creating more effective antagonists for several inflammatory diseases. 

Many biological questions require controlled visualization techniques that can provide 

important insights into individual molecules. Fluorescence microscope resolution is on the 

order of several hundred nanometers while molecules, such as proteins, are mostly only a 

few nanometers in width. Therefore, it will not be sufficient to give information about the 

interaction events and modes of these molecules [239]. On the other hand, electron 

microscopy provides a higher resolution to image small molecules such as proteins. However, 

the labeling is difficult to apply using this method, and samples must be fixed resulting in a 

loss of transient interactions and tracking dynamic behaviors [239].   

Fluorescence/Förster 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 [240]. 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 [227]. Therefore, we designed to 

label recombinant E-selectin proteins with donor and acceptor fluorophores at specific sites 

to measure the conformational change(s) in E-selectin in the absence and presence of ligands 

including sLex under the condition of shear force (Figure 4.1). 
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Figure 4.1: 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, yellow, magenta, cyan, and wheat, respectively). Right: crystallization of the extended 
conformation of P-selectin has been done in different lattice environment in the presence of its ligand 
(fucosylated and sulfated fragment of PSGL-1) (P-selectin chains: cyan and yellow, respectively).  Ligand 
carbohydrate residues are shown in stick (green) with red oxygen and blue nitrogen atoms.  This figure is adapted 
from [148, 241]. 
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4.2. Objective 

With the goal of understanding the structural requirements of E-selectin in binding to its ligands on 

cells,  we aimed to employ ensemble and single-molecule FRET imaging to capture in “real time” the 

extended and bent conformations of E-selectin and to characterize the proposed “catch-bond” 

mechanism by which they mediate cell rolling and tethering. Such information will help us 

understand these Step 1 effectors in cell migration.  
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4.3. Results 

4.3.1. Construction and expression of E-S2 double cysteine mutants for proposed binding 

and FRET studies 

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

domains that mediate ligand binding (sLex) as well as 6 SCR domains that are proposed to 

extend and expose 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 10 cysteine residues that appear to be engaged in disulfide bonds (Figure 

4.2).  
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Figure 4.2: Positions of disulfide bonds in lectin/EGF domains and the first two SCR domains. The Lectin domain 
of the mouse E-selectin has two disulfide bonds (C111-C130 and C40-C138) and the EGF domain has three 
disulfide bonds (C165-C174, C143-C154 and C148-C163). SCR-1 contain three disulfide positioned as C180-C225, 
C193-C206 and C210-C238 and SCR-2 also has three disulfide bonds (C243-C287, C256-C269 and C273-C300). 
 

We confirmed the maximum level of free sulfhydryl groups in commercially available 

recombinant E-selectin protein (tagged with IgG Fc domain, Figure 3.5) experimentally by in 

vitro labeling assay (maleimide chemistry). We identified up to four free Cys residues that we 

anticipate are located in the last 4 SCR and IgG Fc domains (labeling of commercial dimeric E-

selectin was done by Dr. Kosuke Sakashita). We, therefore, designed E-selectin constructs for 

maleimide labeling containing lectin, EGF, and the first 2 SCR domains only (Figure 4.2).  

To confirm that E-S2 is a suitable candidate with no naturally free cysteines, we performed a 

preliminary labeling experiment or wildtype E-S2. In these experiments, E-S2 (WT) was 
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labeled using Cy3 fluorophore. The protein sample was washed from excess free dye by a 

simple column buffer exchange method and SDS-PAGE sample was analyzed (Figure 4.3). 

 

 

Figure 4.3: Evaluation of free cysteines in E-S2 (WT). E-S2 (WT) was labeled using Cy3 label and was further 
analyzed for the labeling using Typhoon under a green laser to visualize any labeled protein with Cy3 (Wildtype 
E-S2 is at 37 kDa). A faint band is present indicating more negative labeling of E-S2 (WT) (red box) that is 
equivalent in the signal to the unlabeled marker. A ladder is visualized under the red laser and molecular weights 
are indicated in the figure with units of kDa. 
 

Results showed that no specific labeling appeared apart for a very faint band that also showed 

up in the ladder, indicating that it is likely a non-specific signal. Hence, these results confirm 

that cysteines present in E-S2 (WT) are most likely to be in disulfide bonds without reacting 

in maleimide-based labeling, making it possible to introduce cysteines using site-directed 

mutagenesis for site-specific labeling via maleimide chemistry. 
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By introducing Cys on the surface of E-selectin, we will provide free 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/SCR 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 nm. To avoid 

dysfunction of the protein due to the Cys residue introduction, residues that are the least 

conserved among primates and rodents were selected as possible labeling sites (Figure 4.4). 

Mutant constructs having Cys residues on these sites will be prepared and examined for 

proper functionality before utilization in the FRET study. The sites for introducing cysteine 

were chosen based on two criterias: 1. the level of conservation (less conserved residues in 

E-selectin among different species with a maximum of 50% or less conservation were favored 

to maintain the natural activity of E-selectin post-mutation) (Figure 4.4 and 4.5).  2. the 

distance between the two pairs in bent and extended conformers that will allow efficient FRET 

signals and differences between bending and extending to be detected (Figure 4.5). We 

constructed four E-selectin proteins as candidates, each containing double cysteine mutation 

in sites that are considered to be less conserved, and with distances that allow for the 

detection of range of FRET signal efficiencies in a way that distinguishes between bent and 

extended conformers: R86C-A125C (located in Lectin and EGF domains, respectively), R86C-

H145C (located in Lectin and EGF domains, respectively), R86C-K160C (located in Lectin and 

first SCR domains, respectively) and R86C-F176C (located in Lectin and first SCR domains, 

respectively) (Figure 4.5). 
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Figure 4.4: Sequence alignment of E-selectin proteins among different species. Positions of candidate residues 
for mutation to cysteine are marked with a red arrow. Conservation level is indicated as pink bars with 
percentage value on the Y axis below each residue. Alignment was done using CLC workbench. Each domain 
sequence is color coded with a square and annotated below (sequence alignment was done by Dr. Kosuke 
Sakashita). 
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Figure 4.5: PyMOL cartoon illustration of overlaid bent and extended crystals of E-S2 construct showing the 
location of intended cysteine mutations. The crystal structure of bent E-selectin (turquoise) and extended E-
selectin (green) are aligned together. Upper panel: four pairs (each pair consisting of a residue positioned in the 
lectin domain and a residue positioned in the EGF/SCR domain) of cysteine mutants were designed as indicated 
in the figure. Lower panel: a table summarizing the targeted residues in each pair, and conservation and distance 
between the two residues in correlation to FRET signal detection range. 

 

As discussed in the previous chapter, we found that the silkworm represents a suitable 

expression system for the production of functional E-selectin construct. Therefore, we utilized 

the same system similarly to produce E-S2 double cysteine mutants (Figure 4.6).  
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Figure 4.6: Expression and purification of double cysteine E-S2 mutants using the silkworm expression system. 
WT, R86C-H145C, R86C-K160C, R86C-A125C and R86C-F176C were expressed in silkworm and the hemolymph 
was collected and subjected to the 2-steps purification method as described in Chapter 2. Final products were 
analyzed by SDS-PAGE and were visible at a molecular weight of 37 kDa (the expression and purification of E-
selectin constructs was done by Professor Takahiro Kusakabe and Professor Jae Man Lee).  
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4.3.2. Creating single ligand expressing mammalian cells for one type interaction events 

As our final target is to observe in real time the dynamic conformational change in E-selectin 

structure upon binding to its ligand underflow, we set a design to prepare the second partner 

of this interaction. For this purpose, we thought to express a single specific functional E-

selectin ligand on the surface of non-ligand expressing cells to allow us to observe one to one 

interactions. This also enables us to observe the effect of shear stress on the receptor ligand 

bond and its role on tethering and rolling events of flowing cell expressing ligands. Shear 

stress applies a force on the rolling cell that is balanced by a compressive force at the cell 

bottom and the tensile force on the receptor-ligand bond, that influence the on-rates and off-

rates of these binding events, respectively [185]. CHO-K1 cells do not express any selectin 

ligands, making them a suitable candidate for single ligand expression [242]. While they 

possess the machinery for N- and O-glycosylation and ST3Gal enzymes that are responsible 

for capping galactose with sialic acid through α(2,3) linkage, these cells lack α(1,3) 

fucosyltransferases, that are important for the capping N-acetylglucosamine for the 

formation of fucosylated sLex on the terminus of functional E-selectin glycoproteins/glycolipid 

ligands [242]. Therefore, we chose to begin with expressing PSGL-1 as a functional ligand for 

E-selectin on CHO-K1 cells. The transfection procedure of CHO-K1 cells included sequential 

transfection of the PSGL-1 gene and selecting and cell sorting for positive stably transfected 

cells (Figure 4.7A) followed by transfecting PSGL-1 positive cells with FUT VII.  Since our 

current target is to use these cells for E-selectin binding, we further sorted PSGL-1 expressing 

cells for HECA-452 (mAb towards sLex and sLea expressing epitopes) and E-selectin binding 

and subsequently tested sorted cells for HECA staining and E-selectin binding (Figure 4.7B 

and C, respectively).  
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Figure 4.7: Preparation of CHO-K1 cells expressing functional PSGL-1 ligand. CHO-K1 cells were transfected 
with pDEST-51-PSGL-1 plasmid. Cells were then subjected to antibiotic selection for positively transfected cells. 
Stably transfected cells were further sorted for PSGL-1 expressing cells. Finally, cells were tested for PSGL-1 
expression using FACS analysis (A). Subsequently, the resultant cells were further transfected with FUTVI and 
stably transfected cells were selected under antibiotics and finally transfected with C2GlcNAcT-I gene and also 
subjected to antibiotic selection.  CHO-K1 expressing functional PSGL-1 were sorted for HECA staining and E-
selectin binding and further analyzed by FACS to check for their HECA expression (B) and E-selectin binding (C).  
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4.3.3. Maleimide Labeling of double Cysteine mutants  

Fluorescent labeling is an important tool that allows us to study detailed molecular 

characteristics of the behavior of several proteins in a wide range of biological phenomena 

such as interaction events, enzyme activity, protein localization, real-time movement of 

protein molecules and conformational dynamics [243-248]. Although proteins can have 

naturally internal fluorescing residues such as tryptophan, external labeling can give flexibility 

with the labeling location according to the aim of the study, and improved fluorescence 

properties for a variety of techniques. Fluorescence/Förster Resonance Energy Transfer 

(FRET) is one of the most useful labeling techniques that can measure interacting proteins or 

the conformational change within a protein. In this method, ensemble bulk-based assays and 

single molecule techniques can both be applied. While ensemble bulk assays are more simple 

and flexible with minimum restrictions on fluorescence properties, single molecule 

techniques can provide measurements with higher sensitivity to overcome averaging that 

occurs in bulk measurements that can skip infrequent or short-term events [249]. 

A label requires some general characteristics to be considered: the size of the label must be 

small, brightness should be enough for detection and stable without affecting the system’s 

biological activity. Moreover, the labeling method should be specific without any label 

oligomerization events during the labeling of several protein molecules simultaneously. 

Although these standards are important, completing all of them is not usually achievable 

[250]. Therefore, some of these criteria can be neglected depending on their priority for a 

specific application. Labels can be genetically fused as fluorescent proteins making it easy to 

know stoichiometry and high specificity [250-253]. However, organic fluorophores are 

favored for their practical properties (broader spectral range, being smaller in size, more 
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stable, with better brightness). These labels can be introduced directly or indirectly through 

cysteine residues and amine groups. Nonetheless, cysteine residues are less frequent 

throughout protein sequences making them a suitable target for labeling specific locations.  

Our labeling design was based on the indirect labeling method of introduced cysteines. As 

described above (Figure 4.5), free cysteines were introduced into the sequence of E-S2 

constructs at specific sites for maleimide labeling. 

R86C-A125C was used as the starting construct for labeling experiments. First, the protein 

sample was concentrated significantly to reach a working concentration of 50 μM. Protein 

was then incubated with 10 times its molarity of TCEP (0.5 mM) on ice for 35 minutes to 

reduce disulfide bonds. Unlike other reducing reagents (such as b-ME and DTT), TCEP is a 

powerful reducing reagent that is irreversible and doesn’t interfere with maleimide chemistry 

[254, 255]. Next, Cy3-sulfo and Cy5-sulfo were prepared as 12.5 mM stocks and used to label 

the protein at a concentration that is 10 times of the protein molarity and incubated 

overnight. Subsequently, adding 10 mM b-ME quenched the reaction, via interactions with 

the maleimide group of the dye which inhibit their interaction. In order to separate free-dye 

and any contaminants, labeled protein samples were purified through His-Trap column using 

an HPLC system. After labeling and purification, it was clear that the protein sample, to begin 

with, was not pure enough for our target application, resulting in a high level of non-specific 

labeling of contaminant proteins (the majority as 100 kDa and 15 kDa) (Figure 4.8A).  

Therefore, another step of purification was conducted using size exclusion to separate our 

protein (37 kDa) from the two main contaminants (Figure 4.8B). Although the 15 kDa 

contaminant started to separate using size exclusion chromatography, these two sequential 

purification steps were not sufficient enough to remove all contaminants.  
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Figure 4.8: Analysis of purification steps of labeled R86C-A125C with Cy3 and Cy5. R86C-A125C was labeled 
with a pair of donor and acceptor fluorophores Cy3 and Cy5, respectively. Candidate fractions were collected 
and analyzed by SDS-PAGE gel electrophoresis and visualized using Typhoon Trio under a red laser (for Cy5) and 
a green laser (for Cy3). A) The labeled sample was subjected to purification to remove excess dye and possible 
contaminants. R86C-A125C was purified through the double His-tag located at the C-terminus similarly to the E-
S2 construct (Figure 3.5). Purification was done in His-Trap column (1 mL) in the presence of PBS as buffer A and 
PBS+250mM imidazole as buffer B. The column with the loaded sample was washed with 30 CV with a gradient 
of 50 (50% of buffer A and 50% of buffer). Elution was done with a target of 100% of buffer B in 0.3 mL volume 
fractions. Two dominant contaminating proteins were significantly labeled (100 kDa and 15 kDa) alongside R86C-
A125C sample (37 kDa band indicated by a red frame). Therefore, the sample was subjected to the size-exclusion 
chromatography column in the presence of PBS and 20 mM b-ME to separate these two proteins from R86C-
A125C (B). The 15 kDa band starts to separate slightly from R86C-A125C but residual amount that remains 
detectable is still present while the majority of the 100 kDa protein remains with R86C-A125C protein.   
  

Using new starting material of R86C-A125C at a low concentration (3.53 μM) to optimize 

purification conditions, labeling was done similarly except that His-Trap purification 

conditions were slightly modified by including 1M NaCl in an effort to reduce the level of 

contaminants that are interacting with the E-S2 protein or the column. Using these 

conditions, the 100 kDa contaminant band was moderately separated as seen in Figure 4.9.  
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Figure 4.9: Analysis of purification steps of labeled R86C-A125C with Cy3 and Cy5 in the presence of high salt 
concentration. A new sample of R86C-A125C at a lower concentration was labeled with a pair of donor and 
acceptor fluorophores Cy3 and Cy5, respectively. Candidate fractions were collected and analyzed by SDS-PAGE 
gel electrophoresis and visualized using Typhoon Trio under a red laser (for Cy5) and a green laser (for Cy3). The 
labeled sample was subjected to purification to remove excess dye and possible contaminants. R86C-A125C was 
purified through the double His-tag located at the C-terminus similarly to E-S2 construct (Figure 3.5). Purification 
was done in His-Trap column (1 mL) similarly to before, except buffers A and B were changed to include high 
NaCl concentration: buffer A contained 50 mM Tris-HCl, pH=7.6, 1 M NaCl and 50 mM imidazole; buffer B 
contained 50 mM Tris-HCl, pH=7.6, 1 M NaCl and 250 mM imidazole. The 100 kDa protein separated from the 
R86C-A125C and was only present in early fractions. R86C-A125C  protein is indicated as 37 kDa by a red frame. 
As a conclusion from the previous purification method (Figure 4.8B) and this purification procedure, we set a 
strategy to purify the proteins from contaminants as follows: 1- to use His-Trap in the presence of high salt 
buffers to remove high molecular weight contaminants and subsequently; 2- use size-exclusion chromatography 
to remove lower molecular weight contaminants. 
 

Therefore, we concluded that we can design a two purification steps procedure for 

subsequent labeling trials as follows: 1. purification using His-Trap under high salt (1 M NaCl) 

to separate the 100 kDa contaminant, followed by 2. Purification by size exclusion 

chromatography in order to separate the 15 kDa contaminant. We then decided to test 

another mutant in order to better evaluate these purity conditions at a broader range with 

other samples. For that purpose, we moved to R86C-K160C labeling. After labeling R86C-

K160C similarly to the previous samples, we applied similar conditions in order to separate 

the high molecular weight contaminant. However, there appeared to be a majority of non-

specifically labeled contaminants within the labeled protein sample (Figure 4.10A). We then 

moved to another purification strategy that utilizes the specific interaction between E-

selectin and its ligand. In this method, we decided to use IP’ed CD44 to capture only E-selectin 

in the presence of calcium. First, the anti-CD44 antibody (Hermes-3) was coupled to magnetic 

protein G dynabeads and CD44 was captured from the KG1a whole cell lysate. Prepared beads 
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with CD44 were combined with the R86C-K160C labeled protein in the presence of calcium. 

Finally, elution was done using EDTA to elute only R86C-K160C that is bound to CD44 

specifically in a calcium-dependent manner. Even with this method, many contaminants 

remained present in the sample (Figure 4.10B). Since sample quality is crucial in these types 

of studies for specific labeling procedure for subsequent FRET labeling, further expression and 

purification methods need to be explored in future studies.  
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Figure 4.10: Analysis of purification steps of labeled R86C-K160C with Cy3 and Cy5. R86C-K160C was labeled 
with a pair of donor and acceptor fluorophores Cy3 and Cy5, respectively. Candidate fractions were collected 
and analyzed by SDS-PAGE gel electrophoresis and visualized using Typhoon Trio under a red laser (for Cy5) and 
a green laser (for Cy3). Labeled sample was subjected to purification to remove excess dye and possible 
contaminants. R86C-K160C was purified through the double His-tag located at the C-terminus similarly to E-S2 
construct (Figure 3.5). Purification was done in His-Trap column (1 mL) similarly as described above with 1 M 
NaCl in order to separate lower molecular weight contaminating proteins (28-15 kDa). However, large amount 
of contaminants are still present with R86C-K160C protein (indicated as 37 kDa by a red frame). Therefore, we 
designed a new purification procedure that utilizes E-selectin ligand CD44 in a batch purification system to 
capture only E-selectin by binding to the ligand in calcium dependent manner. Dynabeads were coupled with 
Hermes-3 antibody and were used to IP CD44 from the lysate of 30 million KG1a cells. Next, beads were washed 
5 times (4 times with lysis buffer and 1 time with PBS) to disconnect any non-specific bindings and labeled R86C-
K160C was incubated with CD44 beads. However, all previous contaminants remained present with R86C-K160C 
protein suggesting that these proteins could be stuck to the protein sample. 
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4.4. Discussion 

As selectins mediate the first step of leukocyte recruitment to sites of inflammation, they 

have been excellent targets for anti-inflammatory substances. However, several issues 

obstruct their efficient targeting by several inhibitors [256-258]. Specificity for one particular 

selectin and the short lifetime are two of the main obstacles researches face during the 

development of these substances [259]. Therefore understanding the molecular details of 

selectin binding, can help on this front. 

Selectins adopt two conformational states: a bent structure that represents the lower affinity 

conformer and an extended structure that has higher affinity binding [62, 89, 182]. Without 

force, a single state conformer exists with low-affinity binding (bent) and less binding events 

[260]. The other model suggests that force has a role that shifts the structure to a high-affinity 

conformation that exhibits decreased off-rate and increased bond lifetime [210, 261]. These 

structures are characterized by a change in the angle size between the lectin and EGF 

domains. However, the conformational shifts between the bent and extended structures and 

the possible intermediate structures in the context of real-time cell rolling under shear stress 

conditions have not been explored. Bent and extended conformers were obtained in 

crystallographic studies using only of sLex and sulfated fragment of PSGL-1. Therefore, using 

full-length ligands to observe conformational change in selectin structure can lead to 

additional transitional states that are essential in understanding their function and behavior.  

As the focus of this thesis is to understand the functional behavior of E-selectin, our objective 

of the project was to fluorescently label E-selectin in order to conduct FRET experiments. 
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Donor and acceptor fluorophores were incorporated using maleimide chemistry into the 

protein at specific sites without altering its functionality, and should have been spaced by a 

distance that is compatible with the spatial resolution of the sm-FRET experiment (1-10 nm). 

This would have enabled 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 especially in the presence of the full structure of several ligands (i.e., 

CD34, CD43, CD44, and PSGL-1). We aimed to initially measure these conformations under 

the condition of no shear force. However, we also aimed in subsequent experiments to 

measure the conformational changes at a 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.  

Specific labeling is required for sm-FRET experiments. We first investigated the level of free 

cysteines in commercial dimeric full-length recombinant E-selectin protein (human IgG Fc 

domain as a C-terminus tag Figure 3.5) and up to 4 free cysteines were detected. 

As the first 4 domains contain cysteines that are involved in disulfide bonds (Figure 4.2; Lectin: 

2 disulfide bonds, EGF, SCR 1 and SCR 2: each contain 3 disulfide bonds), therefore, we 

expected the 4 free cysteines to be in the last 4 SCR and the Fc of the human IgG tag. As a 

result, we chose to design mutations of E-S2 containing only the first 4 domains that 

contained all cysteines in the oxidized form based on protein data bank database. 

Furthermore, we labeled E-S2 with Cy3 prior to introducing any cysteine mutations to confirm 

our observation (Figure 4.6). 

To begin designing our double cysteine mutants, we need to consider two major criteria 

before designating sites for incorporating double cysteines: 1. the cysteine mutation must be 

at locations that are the least conserved to avoid disturbing fundamental residues for the 
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molecule’s natural functionality. 2. the distance between the two cysteines within an E-

selectin molecule must be within the range that allows for recording an efficient FRET signal.  

After evaluating these conditions, we designed four different combinations of double cysteine 

mutations in E-S2: R86C-H145C, R86C-K160C, R86C-A125C and R86C-F176C (Figure 4.4 and 

4.5).  

These four mutated versions of E-S2 construct were expressed and purified similarly to other 

E-selectin constructs in silkworm expression system. These proteins were extracted and 

purified in 2-steps purification protocol: first using His-tag then Strep-tag. The resultant 

protein concentrations ranged from 2.7 to 8 μM. Therefore, we needed to concentrate the 

protein at least 6 times to reach a workable concentration that can be used as a starting 

material for labeling via maleimide chemistry. Labeling required introduced cysteines to be 

reduced and readily exposed for maleimide chemistry to take place and incorporate our 

fluorophores. Subsequently, labeled proteins were further purified to remove excess free Cy3 

and Cy5 dyes and to further purify the protein from any possible contaminants. Two major 

contaminants were significantly labeled in a non-specific fashion, and were difficult to 

separate from our main labeled sample even under high salt conditions and size-exclusion 

chromatography. The initial sample was in low concentration, making the contaminants great 

competitors for binding to the purification column or to be separated distinguishably from 

the E-S2 mutant sample. These factors represent great limitations for conducting specific 

labeling.  

Improving the yield of the sample can significantly improve the sample purity, by having more 

of the protein binding to the purification column than contaminants. The quality and nature 

of the contaminants are important in determining the ease of labeling and purification. An 

alternative option can be using another expression system that can express proteins in high 
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yields with the least amount of contaminants. Therefore, further optimization of the material 

preparation for labeling is required to obtain specifically labeled protein.  

E-selectin extended structure creates a nicely fitted binding pocket site at the lectin binding 

face that is more of a flattened surface in the bent conformer. Therefore, understanding these 

structural features and the mechanistic details of these dynamic conformational shifts is 

important for creating effective inhibitors with longer lifetime. 
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Chapter 5 

Studying the Phosphorylation Profile Regulating Signaling Cascades Triggered 

by Adhesion Systems on Hematopoietic Cells  

 

5.1. Introduction 

 

Cell-cell adhesion molecules are not only responsible for controlling the movement of 

migrating cells by adhering them to targeted locations of tissues and organs, they also play a 

role in transferring a signal from the extracellular environment through sequential pathways 

of intracellular activation towards a specific functional response [262].  

During transient cell-cell adhesion processes such as those mediated by the selectins with 

their ligands, interactions with flowing leukocytes bring them closer to the surrounding 

environment of the targeted endothelium [263]. Thus, cells undergoing migration can then 

encounter chemokines that are responsible for activating integrins on those cells. 

Nonetheless, selectins can also confer signals while mediating leukocyte rolling by allowing 

for integrin-dependent function to take place as a subsequent step in controlling the rolling 

velocities of leukocytes. Furthermore, selectins facilitate multicellular interactions and 

signaling pathways in various physiological and pathological conditions (e.g., P-selectin of 

activated platelets can interact with PSGL-1 on migrating leukocyte) [263]. 

In vitro studies of P-selectin-mediated adhesion showed that adhesion is stabilized through 

activation of β-2 integrins by chemokines or platelet-activating factor [264-267]. 
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Furthermore, it has been shown that selectin interaction can directly and immediately induce 

signal transduction in the migrating cells. A study illustrated a clear change in the 

phosphorylation profile of leukocytes that are bound to immobilized P-selectin through PSGL-

1 resulting in induced tyrosine phosphorylation of several proteins [110].  

Moreover, different signaling molecules and signaling mechanisms regulate selectin 

distribution and expression. P-selectin is stored in α-granules of platelets and Weibel-Palade 

bodies of endothelial cells where It is released and redistributed onto the membrane rapidly 

upon exposure to stimuli such as histamine or thrombine. Other stimuli, such as TNF-α, IL-1β 

and LPS, can trigger de novo synthesis of P-selectin in mouse [268], while IL-4 and IL-13 

stimulate its expression in human [269, 270]. In other situations, the selectins are expressed 

constitutively such as E-selectin on the endothelium of the bone marrow or skin [129] and P-

selectin on the endothelium of the bone marrow and the thymus [271]. However, in most 

tissues, stimulation by TNF-α, IL-1β or LPS to initiate E-selectin synthesis is required [272]. For 

example, leukocytes roll fast on rapidly mobilized P-selectin from Weibel-Palade bodies [273] 

and subsequently, roll slowly when E-selectin becomes expressed following TNF-α-mediated 

induction of mRNA synthesis [274]. Slow rolling is a critical step that allows rolling cells to be 

exposed to chemokines on the endothelium such as the chemokine (C-X-C motif) ligand 

(CXCL1) [275]. Consequently, chemokines bind to chemokine receptors on the rolling cell 

activating β-2 integrin resulting in arrest and transendothelial migration [276]. 

Three conformations of integrins have been characterized: a bend conformation with a closed 

headpiece (low affinity conformation), an extended conformation with closed head piece that 

has low affinity towards its ligand, and an extended conformation with the headpiece open 

(high affinity) [277].  
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Selectin signals in particular can trigger a cascade of tyrosine kinase activation resulting in 

extension of LFA-1 integrin with a closed headpiece [278]. In particular, P-selectin transduces 

signals through binding to PSGL-1 [279] while E-selectin mediates signals through binding with 

PSGL-1 [280] or CD44 [279] in neutrophils. It has been shown that signaling was blocked after 

disruption of cholesterol indicating the importance of lipid rafts of cholesterol in signal 

transduction through these ligands [279]. These observations are consistent with the finding 

of PSGL-1 and CD44 association with lipid rafts [281-283]. Although the ligand-binding pocket 

is within the closed headpiece of activated β-2 integrin and still has a low affinity for binding 

the ligand, the extended structure with a closed headpiece has an intermediate affinity. This 

can be explained by the ability of extension to increase the chances of encountering 

Intercellular Adhesion Molecule-1 (ICAM-1), a ligand for this integrin, on the endothelial cells 

therefore increasing the on-rate that results in intermediate affinity. Finally, chemokines can 

trigger the final conformational change with an open headpiece enabling high affinity 

interactions with ICAM-1 resulting in leukocytes arrest triggering outside-in signaling for 

stronger adhesion.    

Through this signaling cascade, E-selectin binding is not only able to activate β-2 integrin but 

it also induces signals through ligand binding that can influence β-2 integrin function [280]. 

Such signals enable slow rolling machinery to take place where rolling velocities are reduced 

by a factor of 50% making a transitional step prior to integrin full activation and arrest. Slow 

rolling mediated by E-selectin binding to ligands on rolling cell and activating β-2 integrin (LFA-

1) with ICAM-1 on the endothelial cells occurs by forming and breaking these bonds [284]. 

Investigating the role of E-selectin on signal transduction can reveal insights on how these 

molecules can affect both healthy and diseased cells. 
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5.1.1. Selectins and their ligands in inducing signaling pathways 

 
Several studies have shown that adhesion molecules play an important role in transducing 

signals in both migrating cells and targeted tissue cells.  

On selectin expressing cells, the phosphorylation profile and location of phosphorylation on 

of E-selectin on activated HUVEC was studied before and after leukocyte binding. In these 

experiments, HUVECs were labeled metabolically with [32P]orthophosphate and E-selectin 

was immunoprecipitated from the HUVEC lysates with anti-E-selectin antibody and the 

incorporated [32P]orthophosphate was quantified [285]. E-selectin’s cytoplasmic domain was 

found to be constitutively phosphorylated after induction of its expression on HUVEC cells. 

However, dephosphorylation takes place after HL-60 cell binding (i.e. rolling) to these cells in 

a time-dependent manner (maximum period of incubation was 10 minutes). Similar 

observations were recorded when PSGL-1 coated beads interacted with HUVEC activated E-

selectin [285]. Furthermore, comparing two versions of E-selectin (WT and an E-selectin 

lacking the cytoplasmic domain of E-selectin) revealed that the phosphorylation is correlated 

with the serine residues of the cytoplasmic domain of E-selectin [285]. 

For P-selectin, inhibition of protein tyrosine phosphatases using phenylarsine oxide (PAO) and 

diamide blocked exocytosis of P-selectin on activated platelets but not on stimulated 

endothelium [286]. Moreover, activation of platelets with thrombin induces phosphorylation 

on P-selectin on serine, threonine and tyrosine residues [287]. Phosphorylation of P-selectin 

expressed on thrombin-activated platelets and endothelium of HUVEC was detected on 
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serine and threonine residues of the cytoplasmic domain that was abolished by Protein Kinase 

C (PKC) inhibitor [288].  

 Since selectins employ dual transducing signals, there has been a number of studies focused 

on identifying downstream signaling pathways following selectin binding in neutrophils.  

Several studies suggest that protein tyrosine kinase pathway regulation as an important 

mechanism that is employed in selectin-dependent activation of leukocytes [289-293]. 

Soluble forms of E-selectin were able to activate β-2 integrin (Mac-1) on neutrophils [294]. 

Similarly, purified E-selectins in their native or recombinant forms also enhanced adhesion of 

Mac-1 on neutrophils to the complement receptor type-3 (C3bi) coated erythrocytes. This 

improved adhesiveness is thought to be a result of E-selectin binding to its carbohydrate 

ligands on leukocytes that in turn induces signals responsible for changing the conformation 

of Mac-1 into an intermediate affinity structure. 

 P-selectin interaction with PSGL-1 or its blocking antibody (PL1) on neutrophils resulted in an 

increase in the tyrosine phosphorylation on multiple proteins in neutrophils [295]. 

Nonetheless, P-selectin can also activate integrins on migrating cells. Several studies showed 

that crosslinking the binding of P-selectin to PSGL-1 on neutrophils induced activation of 

intermediate conformation of Mac-1 integrin [296, 297]. 

Crosslinking of L-selectin on neutrophils using anti-L-selectin mAb upregulated Mac-1 

expression [298]. Likewise, crosslinking of L-selectin using DREG-200 (an anti-L-selectin mAb) 

significantly improves neutrophil adhesion and subsequent transmigration through HUVEC by 

active β-2 integrin structures [299]. Moreover, L-selectin binding to sulfated ligands or cross-

linking with anti-L-selectin mAbs (i.e., LAM1-14, DREG-200, and GREG- 56) on neutrophils 

resulted in tyrosine phosphorylation of several proteins such as mitogen-activated 
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protein kinase (MAP kinase) and Phosphoinositide phospholipase C (PLCγ) [289, 293]. This 

activation was inhibited by genistein as a tyrosine kinase inhibitor.  

Selectin binding to PSGL-1 and CD44 ligands induces tyrosine phosphorylation of Src family 

kinases (SFKs) and downstream p38 MAPK in neutrophils resulting in a conformational shift 

of integrin β-2 from bent to an extended structure with intermediate affinity that facilitate 

neutrophils slow rolling [279, 280, 300, 301]. These induced signaling events are blocked 

when lipid rafts are disrupted or upon the removal of O-glycans (C1galt1
−/−

neutrophils) or 

sialic acid (neuraminidase treatment), confirming that association of these ligands in lipids 

rafts, and the presence of O-glycans (also required for association of these ligands with lipid 

rafts) in addition to sialyation, are all important factors for the initiation of signaling [302]. 

Nonetheless, association of CD44 with lipid rafts is important for the reorganization of CD44 

clusters after cell rolling on E-selectin as disruption of lipid rafts negatively affected the 

induced clustering of CD44 [221]. 

While leukocyte homing to the sites of inflammation and their signal transduction 

mechanisms has been studied extensively, work on hematopoietic stem/progenitor cells is 

less studied. Interestingly, SDF-1 was found to positively regulate protein phosphatase 2A 

inhibition of protein kinase B (PKB also known as Akt) activity to induce migration of human 

hematopoietic progenitor cells [303]. Additionally, adhesion ability of human CD34+ bone 

marrow derived stromal cells was reduced significantly after 24 hours of PKB activity 

inhibition [304]. However, migration was not improved by the reduction of adherence ability 

post PKB inhibition as shown by transwell migration assay through HUVEC layer [304]. 

Furthermore, constitutive expression of PKB on CD34+ hematopoietic cells stimulated firm 

adhesion that resulted in a reduction in the migration level [304]. Several studies illustrated 

the role of another negative regulator of PI3K [305], Phosphate and TENsin homolog (PTEN).  
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In the absence of PTEN, PI3K gets activated by phosphorylation and migrates to the inner site 

of the cell membrane and phosphorylates Phosphotidylinositol 4,5-bisphosphate (PIP2) into 

Phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Finally, PDK (phosphoinositide dependent 

protein kinase) and Akt are recruited to PIP3 and activated PDK phosphorylates Akt that 

becomes able to inhibit apoptosis, activates protein synthesis, and induces proliferation [305-

313]. 

However, in the presence of PTEN, it acts as negative regulator of PI3K/Akt pathway by 

hydrolyzing PIP3 into PIP2 resulting in Akt inhibition, induction of apoptosis and inhibition of 

proliferation (Figure 5.1). 

 

Figure 5.1: Cartoon representation of PI3K/Akt pathway and its regulation by PTEN. Growth factors bind to 
receptor tyrosine kinase that results in dimerization and autophosphorylation  of the receptor. PI3K binds 
directly to the phosphorylated receptor and becomes activated. Active PI3K migrates to the inner site of the cell 
membrane to phosphorylate PIP2 into PIP3. Finally, PIP3 activates PDK that in turn phosphorylates Akt to 
become active and control important cellular process such as cell cycle, apoptosis and protein synthesis. This 
figure is adapted from [314]. 
 

Deletion of PTEN reduced the number of HSCs that homed to the BM of non-irradiated 

receivers where the niche capacity is partially occupied [315]. Although these cells are still 
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capable of binding, HSCs lacking PTEN do not function as normal HSCs in the same conditions. 

In addition, studies on SHIP (SH2-containing inositol-5-phosphatase), as the negative 

regulator of Phosphoinositide 3-kinases (PI3K), a regulator of PKB function [316], revealed 

that upon deletion of this phosphatase in HSCs, the ability of these cells to home to BM and 

spleen was less efficient than normal HSCs [317]. In conclusion, a common effect on migration 

inhibition of HSCs to the BM and spleen is caused by constitutive expression of PKB or SHIP 

and PTEN deletion. Therefore, studying the role of kinases and phosphatases is crucial in 

understanding the migration and homing mechanisms in these cells. 

 

5.1.2. Selectin-mediated signaling in pathological conditions 

 
C-X-C chemokine receptor type 4 (CXCR4), CD44 and VLA-4 are three main adhesion 

molecules that play an important role in supporting healthy stem cell homing to BM and also 

AML cells homing to, or retention in the BM environment [318]. Blocking CXCR4 using an anti-

CXCR4 antibody resulted in a clear reduction in the engraftment of human AML cells, but not 

normal CD34+ bone marrow cells, into the bone marrow of immune deficient nonobese 

diabetic/severe combined immunodeficient (NOD/SCID) mice [318]. This is a very intriguing 

finding and, interestingly, SDF-1, the ligand for CXCR4, can trigger phosphatidylinositol-3-

kinase (PI3K) activity and downstream signaling of (PKB/c-Akt) [319] regulating metabolism, 

survival and proliferation [320]. Therefore, blocking CXCR4 downstream signaling affects the 

survival and subsequent engraftment. Similarly, targeting CD44 on AML cells using an anti-

CD44 antibody hindered their engraftment in NOD/SCID mice [321]. High levels of CD44 on 

leukemic stem cells (LSC) supports the maintenance of these cells while lower expression 

leads to impaired growth suggesting that this adhesion molecule may be an important factor 
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for leukemic relapse through its interactions with the bone marrow microenvironment [322]. 

In addition, triggering CD44 using an anti-CD44 mAb induces differentiation while inhibiting 

proliferation of AML cells but not normal hematopoietic stem cells [323-325]. One such 

pathway that is involved in the reduction of proliferation and growth is through the inhibition 

of mammalian target of rapamycin (mTOR)C1 and mTORC2 [325]. Primary AML cells from 

patients that bind to fibronectin and vascular adhesion molecule-1 (VCAM-1) via VLA-4, the 

α4β1 integrin, exhibit resistance to chemotherapy. Therefore, blocking VLA-4 adhesion 

decreased chemoresistance associated with VLA-4 binding. In summary, these adhesion 

systems all play critical roles in migration, retention and survival of AML cells (and LSCs) in the 

BM niche. Therefore, targeting these mechanisms is essential for blocking AML undesired 

engraftment to the BM and disruption of BM niche that affects healthy HSPCs [326]. 

Numerous studies investigated the role of selectins in transducing signaling pathways 

responsible for promoting chemoresistance of cancer cells and also elevation of inflammation 

responses associated with multiple diseases. While E-selectin is constitutively expressed in 

BM endothelium, the level of expression is elevated in BM of AML mice by 5-10 fold compared 

to normal BM [327]. In order to understand how LSC utilize this elevated expression and what 

signaling mechanisms can be different between AML and HSC, a study used the E-selectin 

antagonist (GMI-1271) in mice as a treatment in combination with chemotherapy. This 

combination resulted in a significantly improved therapy by doubling the survival rate 

compared to chemotherapy alone [327]. Analysis of differentially expressed transcripts after 

blocking E-selectin in normal and AML mice revealed that AML cells employ PI3K-NF-kB 

signaling. This observation proposed the hypothesis that AML cells activate pro-survival 

signaling via NF-kB signaling promoting chemoresistance of these cells. As E-selectin but not 
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P-selectin activates PI3K-NF-kB pro-survival signaling mechanism, GMI-1271 was used to 

block E-selectin resulting in complete inhibition of E-selectin mediated activation of PI3K-NF-

kB signaling [327]. Therefore, targeting adhesion molecules in therapy can lead to 

improvements in the current treatment methods. 
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5.2. Objective 

Adhesion molecules are part of the migration mechanism utilized by HSPCs and AML cells. In 

particular, AML cells uniquely use E-selectin interactions to activate pro-survival signaling 

pathways responsible for their chemoresistance. Decoding the phosphorylation profile of 

AML and healthy cells after E-selectin binding can help understand the details of the 

mechanisms that are uniquely employed by AML cells and not normal HSPCs to reside in the 

BM niche. Furthermore, investigating the structural requirements of E-selectin binding to 

AML cells and the key affecter molecules responsible for triggering a unique phosphorylation 

profile post E-selectin binding can help in the development of specific and effective inhibitors. 
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5.3. Results 

5.3.1. E-selectin binding triggers dephosphorylation of tyrosine residues in AML cells 

As our aim is to evaluate the level of phosphorylation of proteins in AML cells after E-selectin 

binding to their ligand, we used KG1a cells as a model for primitive AML cells (i.e. stem cell-

like). In these experiments, KG1a cells were treated with E-S6-IgG and incubated for a 

sequence of different time points ranging from 15 to 120 mins. Subsequently, cells were lysed 

and subjected to western blot analysis for the level of phosphorylation. In particular, analysis 

was done for phosphotyrosine, as phosphorylation on tyrosine residues is known to be less 

abundant [328, 329] making it more detectable to be evaluated in a quantitative manner, at 

different time points post-treatment. Interestingly, treatment showed a clear reduction in the 

amount of phosphorylated tyrosines on proteins that are in direct relationship with the 

increase in incubation time (Figure 5.2). Precisely, a clear reduction in phosphotyrosine is 

detected for the proteins that are at 75 kDa and slightly above 50 kDa. 
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Figure 5.2: Western blot analysis of the phosphotyrosine containing proteins in KG1a cells after E-selectin 
binding. KG1a cells were treated with E-selectin (E-S6-IgG) and collected after 15, 30, 60 and 120 mins. 
Untreated samples were also included (UT). Cell lysates were normalized and subjected to western blot analysis. 
Blots were stained with either anti-phosphotyrosine (P-Tyrosine blot) or for β-actin (β-actin: confirms 
normalization of cell lysates). A reduction in the amount of phosphotyrosines is mainly on proteins shown at the 
75 kDa and 50 kDa range. Results were determined from n=3 independent experiments (n=3). 
 

Next, we wanted to evaluate the phosphotyrosine level after binding of KG1a to activated 

HUVEC. In order to do that, we activated HUVEC using TNF-α to express E-selectin and we 

confirmed E-selectin expression post activation (Figure 5.2A). Subsequently, we either 

introduced KG-1 cells to E-selectin expressing HUVEC or we first blocked expressed E-selectin 

using a E-selectin blocking antibody H18/7 prior to introducing KG-1 on HUVEC monolayer. 
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KG-1 cells were incubated on the HUVEC monolayer for 1 hour then three collection steps 

were performed for each condition (blocked and unblocked E-selectin). First, unbound cells 

were collected. Then, two washing steps were done where the third washing step contained 

bound cells in the case of unblocked HUVEC. Samples were subjected to Western blot analysis 

and revealed a visible reduction in the level of phosphotyrosine post E-selectin binding on 

HUVEC cells (Figure 5.3B) similar to that observed after binding to soluble E-selectin (Figure 

5.2). This effect is specific to E-selectin as blocking E-selectin on the surface of HUVEC cells 

was not able to trigger reduction in the phosphotyrosine (Figure 5.3B).  
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Figure 5.3: Phosphotyrosine level in KG-1 cells post binding to E-selectin expressing HUVEC cells. (A) HUVEC 
cells were activated using different concentrations of TNF-α (10, 50, 100, 500 and 1000 ng/mL). E-selectin 
expression was analyzed using FACS using mouse anti-human CD62E (HAE-1F clone) and its isotype control 
mouse IgG1. (B) HUVEC monolayers were activated using 10 ng/mL of TNF-α and expressed E-selectin was either 
blocked using 50 μg/mL of H18/7 E-selectin blocking antibody or left unblocked. Unbound cells from both 
conditions were collected and bound cells were collected in a second washing step. Collected cells were lysed 
and analyzed in western blot for the level of phosphotyrosine. Blots were stained with either anti-
phosphotyrosine (P-Tyrosine blot) or for β-actin (β-actin: confirms normalization of cell lysates). A reduction in 
the amount of phosphotyrosines is mainly on proteins shown at the 75 kDa and 50 kDa range. Results were 
determined from n=2 independent experiments. 
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CD34+ cells, we compared this change in phosphotyrosine level to normal human CD34+ BM 

cells. For that purpose, both cell types were treated with E-selectin for a period of 1 hour and 
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Bound
Unbound
Unbound

75 kDa

50 kDa

37 kDa

β-actin

P-Tyrosine

E-selectin

Unbound

Unblocked Blocked

KG-1 

E-selectin Expression
73.9%

0 1 0
2

1 0
3

1 0
4

1 0
5

APC-A

0

C
ou

nt

Sample Name

HUVEC_1000 ug per mL TNF-alpha.fcs
HUVEC_500 ug per mL TNF-alpha.fcs
HUVEC_100 ug per mL TNF-alpha.fcs
HUVEC_50 ug per mL TNF-alpha.fcs
HUVEC_10 ug per mL TNF-alpha.fcs
HUVEC_Isotype APC IgG1 mouse (TNF-alpha mix of…

500 ng/mL TNF- α

100 ng/mL TNF- α

1000 ng/mL TNF- α

isotype control

50 ng/mL TNF- α

10 ng/mL TNF- α

HUVEC E-selectin expression

E-selectin expression

A) B)



 158 

level was high in untreated KG1a cells and started to decreases after 1 hour treatment with 

E-selectin (Figure 5.4). 
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Figure 5.4: Western blot analysis of the phosphotyrosine containing proteins in CD34+ BM cells in comparison 
to KG1a cells after E-selectin binding. Human CD34+ BM cells and KG1a cells were treated with E-selectin (E-S6) 
and collected after 60 mins. Untreated samples were also included (UT). Cell lysates were normalized and 
subjected to western blot analysis. Blots were stained with either anti-phosphotyrosine (P-Tyrosine blot) or for 
β-actin (β-actin: confirms normalization of cell lysates). A reduction in the amount of phosphotyrosines is mainly 
on proteins shown at the 75 kDa and 50 kDa range. Results were determined from n=1 independent experiments 
(n=1).  
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5.3.2. PTEN activation is triggered in AML cells upon E-selectin binding to CD44 

After detecting a clear change in the phosphorylation level of tyrosine residues after E-

selectin binding, we were interested in investigating the type of phosphatases that are 

responsible for the detected decrease in phosphotyrosines. Furthermore, investigating the 

identity of some of these affected proteins can help us understand their role in transducing 

signals in AML cells post-E-selectin binding.  

In the field of MS-based phosphoproteomics, two main obstacles increase the difficulty of 

using basic approaches for phosphoprotein detection: 1-the level of phosphoproteins is 

known to be in low abundance in the proteome. 2-these phosphoproteins can be poorly 

digested resulting in loss of detection of the phospho- part [330]. 

CD44-/-/PSGL-1-/- AML cells prohibited them from binding to E-selectin while CD44-/-/PSGL-1-

/- normal HSC still bound to E-selectin [331]. These observations indicate that AML cells and 

HSC utilize different forms of ligands to bind to E-selectin. Furthermore, loss of CD44 and 

PSGL-1 abolished chemoresistance activity of AML cells suggesting that these ligands can be 

responsible for E-selectin-triggered pro-survival signaling. In vitro studies of Akt activation 

signaling in AML blasts after E-selectin adhesion revealed that Akt Ser473 and NF-kB p65 

Ser536 are phosphorylated rapidly [331].  

 

As CD44 (HCELL) is known to be expressed more abundantly in AML cells compared normal 

hematopoietic stem cells [332], we targeted CD44 downstream signaling triggered upon E-

selectin binding. In these experiments, KG1a cells were treated with E-selectin similarly to the 
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method described above. CD44 was then co-immunoprecipitated (co-IP) from the whole cell 

lysate of treated cells to check unique binding complexes after treatment by Mass 

spectrometry analysis (MS). As shown in Table. 1, a list of unique proteins that were 

associated with either untreated control only or E-selectin treated cells (24 hours).  

Interestingly, PTEN is a phosphatase that was uniquely detected in E-selectin-treated cells. To 

confirm this observation, we performed the same treatment of KG1a cells with E-selectin at 

different time points and subjected the whole cell lysates of treated cells to western blot 

analysis for the active form of PTEN (unphosphorylated). After treatment, cells were lysed 

and subjected to western blot analysis. A clear gradual increase in the level of active PTEN 

was detected in correlation to the increase in E-selectin incubation time (Figure 5.5) followed 

by a start of a rapid decease in the signal intensity, suggesting a possible activation 

mechanism of PTEN and a subsequent inhibition in E-selectin treated cells.   
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Figure 5.5: Western blot analysis of the active PTEN (unphosphorylated) in KG1a cells after E-selectin binding. 
KG1a cells were treated with E-selectin (E-S6) and collected after 5, 15 and 30 mins. An untreated sample was 
also included (UT). Cell lysates were normalized and subjected to western blot analysis. Blots were stained with 
either anti-active (non-phospho) PTEN (active PTEN at ~58 kDa) or for β-actin (β-actin: confirms normalization 
of cell lysates). An increase in the amount of active PTEN is detected rapidly after 15 mins of treatment with E-
S6-IgG followed by a decrease after 30 minutes. Results were determined from n=3 independent experiments 
(n=3). 
 

5.3.3. Anti-CD44 antibody binding increases the level of phosphorylation on tyrosine 

residues  

After briefly analyzing possible candidates responsible for dephosphorylation of tyrosines 

downstream CD44 post E-selectin binding, we were interested in investigating the effect of 

binding to CD44 alone compared to the effect of E-selectin binding to all ligands on KG1a cells. 

For this purpose, we treated KG1a cells with anti-CD44 antibody (A3D8 clone) and evaluated 

the level of phosphotyrosines at different time points. In contrast to E-selectin treatment, 

A3D8 binding to CD44 triggered increased phosphorylation on tyrosine residues (Figure 5.6) 

suggesting different binding epitopes and mechanisms of signal transduction mediated by 
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A3D8 compared to E-selectin. However, this experiment needs additional repetition to 

confirm consistency of our observation. 

 

Figure 5.6: Western blot analysis of the tyrosine phosphorylation in KG1a cells after A3D8 treatment. KG1a 
cells were treated with A3D8 (anti-CD44 mAb) and collected after and collected after 15, 30, 60 and 120 mins. 
Untreated samples are also included (UT). Cell lysates were normalized and subjected to western blot analysis. 
Blots were stained with either anti-phosphotyrosine (P-Tyrosine blot) or for β-actin (β-actin: confirms 
normalization of cell lysates). An increase in the amount of phosphotyrosines over time was observed on 
proteins mainly shown at the 75 kDa and 50 kDa range. Results were determined from n=1 independent 
experiments (n=1). 
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5.3.4. SCR domains of E-selectin facilitate its functionality in dephosphorylating tyrosine 

residues 

One of the main targets of this thesis is to study the structural requirements for E-selectin 

functionality. In Chapter 3, we confirmed the importance of SCR domains in the high affinity 

binding of E-selectin to its ligand. Thus, extending this observation in the context of signal 

transduction is crucial in understanding the mechanistic details of E-selectin binding on 

consequently effected molecules. Therefore, we evaluated the level of signal transduction 

associated with E-selectin containing no SCR domains (E-S0) versus full length E-selectin (E-

S6). In order to conduct a comprehensive comparison, KG1a cells were treated with E-S6 

(monomer full length E-selectin) and E-S0 simultaneously. Cells were lysed and blots were 

generated to evaluate the level of phosphotyrosines. While E-S6 exhibited similar reduction 

in phosphotyrosine level through time, E-S0 treatment elevated the amount of 

phosphotyrosines rapidly after 5 minutes compared to the control (UT). A gradual decrease 

in phosphotyrosine level was also observed in correlation with increased incubation time.  

Nonetheless, the quantity of phosphotyrosines became comparable to the control only after 

1 hour of incubation with E-S0 (Figure 5.7). This experiment needs to be repeated to confirm 

consistency of the observed behavior. 

To confirm that the amount of E-selectin bound cells is similar for E-S6 and E-S0, we 

performed FACS analysis with the same concentrations of E-selectin used for KG1a treatment 

in the phosphotyrosine analysis (Figure 5.8). Our results suggest that the level of 

phosphorylation affected by each E-selectin is an effect of each E-selectin binding mode in 

the presence and absence of SCR domains rather than the strong versus weak binding affinity. 
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Figure 5.7: Western blot analysis of the influence of SCR domains of E-selectin in phosphotyrosine level in 
KG1a cells. KG1a cells were treated with E-S6 or E-S0 and collected after 15, 30, 60 and 120 mins. Untreated 
samples are also included (UT). Cell lysates were normalized and subjected to western blot analysis. Blots were 
stained with either anti-phosphotyrosine (P-Tyrosine blot) or for β-actin (β-actin: confirms normalization of cell 
lysates). A change in the amount of phosphotyrosines is mainly on proteins shown at the 75 kDa and 50 kDa 
range. Results were determined from n=1 independent experiments (n=1). 
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Figure 5.8: Flow cytometric analysis comparing the binding capacity of E-S6 (full length) and E-S0 (lacking all 
SCR domains) proteins to KG1a cells. E-S6 (left) and E-S0 (right) were tested for their ability to bind to ligands 
on KG1a cells. Mouse monoclonal anti-strep antibody (followed by a fluorescently labeled antibody against anti-
Strep) was used to detect the E-selectin protein bound to ligands on the surface of KG1a cells in the presence of 
calcium (orange) or EDTA (blue). Samples stained with only the secondary antibody are included as a red 
histogram. As the number of cells bound to weak-binding constructs was affected by number of washes, we 
performed a minimum number of washes that maintained most of the proteins bound to majority of tested 
cells. Results were determined from n=3 independent experiments (n=3). 
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5.4. Discussion 

Selectin binding to their ligands is responsible for initiating the multi-step process of cellular 

migration (i.e., leukocytes, stem cells or metastasizing cancer cells) [1-4]. Nonetheless, they 

also improve the adhesiveness of migrating cells by transducing signals that affect adhesion 

molecules downstream of selectin/selectin ligands [262]. During the migration process, the 

molecules of each step do not only perform their function within their step, but also prepare 

the cell for the function of the molecules of the subsequent steps by creating temporary 

intermediate steps that facilitate smooth transitions. For example, binding of selectins 

triggers activation of intermediate affinity integrins on neutrophils that can facilitate slower 

rolling prior to full activation of integrins and firm adhesion [278, 294, 296, 297, 300, 333]. 

Moreover, binding to endothelial selectins triggers morphological changes in the endothelial 

cells creating gaps between endothelial cells in preparation for the final transmigration step 

[334-336].  

 

Furthermore, selectins are not only responsible for inducing signals that regulate the 

migration process of cells, they also confer signals that regulate the behavior of 

hematopoietic stem cells during physiological and pathological conditions.  E-selectin plays a 

role in the retention of LSC in the BM niche, allowing these cells to become resistant to 

chemotherapy. Indeed, using an AML mouse model with E-selectin knockout exhibited 

improved sensitivity of these cells to chemotherapy. Studying the resistance mechanism of 

these cells post E-selectin binding revealed an upregulation of Wnt pathways [118]. 

Moreover, E-selectin expression was found to be elevated in the bone marrow of AML mice 

by 5-10 fold in comparison with healthy BM [327]. Investigating the signaling pathways 

utilized by AML cell binding to E-selectin in this case revealed another unique pro-survival 
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PI3K-NF-kB signaling pathway that is proposed to be responsible for the chemoresistance 

properties of AML cells [327]. Nonetheless, a subpopulation of AML adopts a quiescent 

phenotype after binding to vascular endothelium that is characterized by reduced 

proliferation [337]. Conversely to AML cells, normal HSC quiescent and chemoresistance were 

improved in E-selectin knockout model indicating that AML and HSC utilize vascular 

endothelial E-selectin to achieve different outcomes likely through different mechanisms 

related to signaling pathways. Therefore, understanding the survival mechanisms of these 

primitive leukemic cells (CD34+CD38−) could lead to improved therapeutic strategies.  

Protein phosphorylation and dephosphorylation is an important mechanism used by the cell 

in regulating many cellular processes by activating and deactivating certain proteins and 

enzymes [338]. The KG1a cell line is often used as a model to represent a leukemic stem-cell-

like cell [339]. After treatment with E-selectin, we found differences in the phosphotyrosine 

profile between KG1a cells and their normal counterparts (i.e. CD34+ BM). These results 

indicate that leukemic cells respond differently to E-selectin binding than normal HSC. 

However, further experiments are required to be conducted using CD34+CD38- from the BM 

of AML patients. Such experiments will provide a direct comparison of this subset of cells from 

normal and leukemia BM.   

Next, we were interested in investigating the possible affecters of the observed 

dephosphorylation pattern. AML cells express higher levels of CD44, in particular, CD44 

variants, on their surface compared to normal HSCs [340] and this can be used to target AML 

cells through the use of CD44 antibodies [323-325]. We evaluated the phosphotyrosine 

profile of AML cells following treatment with the A3D8 mAb clone of CD44. Our analysis 

revealed that A3D8 triggers an increase in the level of phosphotyrosines, an opposing effect 

of that seen by E-selectin binding. These data suggest that the effect of binding of E-selectin 
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to several ligands differ from that seen by A3D8 antibody binding to a specific ligand (i.e., 

CD44). In addition, different binding epitopes of E-selectin and A3D8 to CD44 could trigger 

different signaling pathways indicating that the unique effect of E-selectin binding could be 

attributed to the glycan recognition that is important for E-selectin binding [341].  

 Since CD44 is also a well-defined ligand for E-selectin [332], we performed co-IP targeting 

CD44 after treatment of KG1a with E-selectin and conducted MS analysis to check CD44 

downstream signaling. PTEN was one of the proteins that were uniquely detected in the E-

selectin treated sample only (Table. 1). PTEN is a tumor suppressor phosphatase that is 

involved in many cellular processes including cell signaling, cell migration, cell development 

and cell apoptosis [305-313]. Studies showed that 70% of AML cells show high level of PTEN 

phosphorylation that results in inactivation of PTEN function [342-345]. Therefore, we tested 

the level of PTEN activity that could be associated with the change of the level of 

phosphotyrosine observed post E-selectin treatment. KG1a cells treated with E-selectin show 

a clear increase in the level of active PTEN in correlation to the increase in incubation time 

with E-selectin (Figure 5.5) suggesting that PTEN activity is induced upon binding to E-selectin 

treated cells. Further studies need to be performed to assess which ligands are upstream of 

effect on PTEN using ligand knockdown approaches (e.g. targeting CD44 knockdown).   

 

The CD34+CD38- population enriches for cancer stem cells in vivo as cells within this pool are 

capable of producing AML blasts and are able to self-renew [346, 347]. These leukemic stem 

cells reside in the bone marrow niche within the endosteal region in a quiescent state which 

makes them resistant to chemotherapy [346]. Akt activation downstream of PI3K signaling is 

responsible for promoting proliferation through PIP3 (Figure 5.1) [348] and most importantly 

triggering chemoresistance by activating downstream NF-kB signaling [327], Wnt and sonic 
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Hedgehog pathways [118]. On the other hand, PTEN inhibits Akt activation by 

dephosphorylation of PIP3 into PIP2 resulting in inhibition of proliferation. Decreased levels 

of PIP3 are correlated with quiescence in AML cells [310]. Furthermore, AML cell quiescence 

follows binding to vascular endothelium [337]. Consequently, it is possible that PTEN gets 

activated after binding to E-selectin in the bone marrow allowing them to stop proliferating 

by negative regulation of PI3K/Akt signaling and enter a temporary quiescent state. We 

observed a moderate decrease in the level of active PTEN subsequent to its enhancement 

and we postulate that perhaps the level of active Akt through PI3K signaling enables it to 

activate NF-kB and Wnt signaling resulting in resistance to chemotherapy. This needs to be 

assessed in future experiments. However, in some other experiments we detected some 

active PTEN in the untreated sample. Nonetheless, an increase in the level of active PTEN was 

still detected after treatment with E-selectin and was consistent up to 60 minutes, followed 

by a small decrease after 120 minutes of treatment. In these cases where active PTEN is 

already detected in the untreated sample, an increase in the incubation time might show a 

decrease in the level of PTEN beyond this time point (120 mins). As a result, sustaining 

leukemia through quiescence and chemoresistance are proposed to be important for survival 

of AML cells. Further studies on cell cycle and downstream signaling from PTEN is required to 

confirm this hypothesis and to understand the mechanism of chemoresistance and quiescent 

after binding of AML to E-selectin. 

 

In the context of the effect of structural components of E-selectin on its functionality, we 

investigated the contribution of SCR domains of E-selectin to the induction of signaling 

downstream of E-selectin binding. For that purpose, we used the E-selectin constructs 

discussed in Chapter 3. Not only SCR domains stabilize E-selectin structure and enhance its 
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binding affinity (as we concluded in Chapter 3), they also play a role in transducing signals. EL-

246, a L- and E-selectin antibody that recognizes a region in the SCR domains [151], binding 

to SCR domains of L- and E-selectin blocked the activity of L- and E-selectins [349]. Crosslinking 

of LAM1-14 antibody that recognizes SCR domains of L-selectin revealed an important role of 

SCR domains in transducing signals [106, 289]. In our experiments, binding of E-S0 (construct 

with no SCR domains) increased the level of phosphotyrosines compared to untreated cells. 

In fact, the level of phosphotyrosines became similar to the control only after 1 hour post-

treatment. Nonetheless, a gradual decrease in the level of phosphotyrosines was still 

observed. Additional experiments are required to check the identity of proteins with 

increased phosphotyrosines after E-S0 binding. These experiments can indicate a distinct 

function of lectin and EGF domain alone in transducing signals and also a role of SCR domains 

in their signaling activity. Collectively, these results demonstrate a clear role of E-selectin on 

triggering and regulating the activity of signaling molecules such as PTEN that in turn might 

be involved in regulating the activity downstream signaling molecules that are essential for 

the survival of AML cells. Further investigations are required to explore and study additional 

molecules that are also uniquely activated in AML cells upon binding to E-selectin.  
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Concluding Remarks and Future Directions 

The main target of this thesis is to understand some of the most important features of E-

selectin binding functionality at the cellular and molecular level. The thesis started with an 

overview of the literature beginning with discussing the role of E-selectin in the multi-step 

paradigm of cellular migration in physiological and pathological scenarios, the 

structure/function relationship affecting E-selectin binding, and ended with the influence of 

E-selectin binding to ligands on the migrating cells. 

Chapter 3 focused on the structural elements that enhances E-selectin binding functionality. 

Our data reveal a clear influence of the SCR domains of E-selectin in improving its binding 

activity beyond exposing direct binding domains (i.e., lectin and EGF domains). We further 

provide evidence on the role of structural extension and dimerization that significantly 

enhances the binding functionality of E-selectin. These data further show in more details that 

the observed enhancement in E-selectin binding by SCR domains, extension and dimerization 

is particularly governed by the on-rate while lectin and EGF domains affect the off-rate. 

Additional structural studies are needed to gain further insights about the detailed 

involvement of SCR domains in E-selectin binding activity. 

In Chapter 4, we discuss the design and synthesis of double cysteine mutants for maleimide 

labeling to study the conformational changes in E-selectin structure during interactions with 

ligands using FRET. These studies can provide insights about the mechanical dynamics of E-

selectin structure that facilitate its transitional states during the process of cell migration of 

both healthy and diseased cells. Understanding these details is important for the 

development of therapeutic inhibitors that are specifically targeting E-selectin. During 

labeling experiments of the protein sample, impurities were labeled nonspecifically alongside 
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with the target protein. Therefore, purification of expressed proteins requires further 

optimization to be able to produce specifically labeled proteins.  

Lastly, Chapter 5 focuses on studying the phosphorylation profile that regulates signaling 

pathways in AML cells after E-selectin binding. Treatment with E-selectin induced a decrease 

in phosphorylation level on tyrosine residues after E-selectin binding. Furthermore, we 

investigated possible phosphatase proteins that are responsible for the observed 

dephosphorylation. We show a clear correlation between an increased activity of PTEN and 

decreased phosphorylation level. As CD44 is expressed abundantly in AML cells, we also 

compared the effect of anti-CD44 antibody versus the effect of E-selectin binding. Anti-CD44 

effect was the opposite of E-selectin binding confirming a different functional mechanism of 

E-selectin binding on downstream signaling pathways. Moreover, we linked our findings in 

chapter 3 by investigating the effect of the number of SCR domains on E-selectin on 

phosphorylation level. E-S0 with no SCR domains was not able to trigger a strong reduction in 

the phosphorylation in tyrosine residues compared to the full length E-selectin. Indeed, our 

findings reveal a clear correlation between the number of SCR domains in E-selectin and the 

level of dephosphorylation in AML cells. Testing our hypothesis requires further evolution 

using primary AML-BM CD34+. Additionally, experiments of PTEN inhibition to check the 

direct effect on the phosphorylation level and other possible phosphatases molecules 

responsible for this activity is needed. Nonetheless, investigating the effect of E-selectin 

binding to AML cells on cell cycle using BrdU incorporation into the DNA of cells (i.e., 

quiescence by cell arrest in G0), that could be regulated by PTEN phosphatase activity that 

reduces the level of PTEN in the quiescent cell and inhibiting downstream PI3K/Akt signaling. 

The opposite effect of PTEN deactivation promoting activation of PI3K/Akt signaling and 

downstream pro-survival signaling through NF-kB and Wnt signaling that confer 
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chemoresistance activity. The level of cells resistance to chemotherapy agents and the activity 

of pro-survival signaling molecules needs to be investigated. Ultimately, this will help us 

understand the activation mechanism of certain signaling pathways that are important for 

the overall survival of these cells once they bind E-selectin for better targeting of their survival 

mechanisms.     
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Appendix 

 

Supplementary Figure 1: Genetic map of recombinant pEF-DEST51 and pDEST8 vectors used for expression of 
E-selectin proteins. pEF-DEST51 destination vector for mammalian cell expression (A) and pDEST8 destination 
vector for insect cell expression (B) with an internal ccdB toxin gene for negative selection. An ampicillin 
resistance gene is used for selection. attR1 and attR2 recombination site cassettes were utilized to perform an 
LR gateway reaction (Gateway™ cloning technology) for inserting the desired E-selectin construct from an entry 
(pENTR11) vector (e.g., E-S6) to obtain a recombinant pEF-DEST51 and pDEST8 expression vectors with the E-
selectin construct of interest under the transcriptional control of a Human elongation factor 1 α (PEF-1α) promoter 
in pEF-DEST51 vector and polyhedrin (PPH) promoter in pDEST8 vector. 
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Supplementary Figure 2: CHO-K1 kill curves with Blasticidin and Geneticin antibiotics. Untransfected CHO-K1 
cells were cultured in media containing Blastisidine (0, 1.5, 3, 6, 12, 24 μg/mL) or Geneticin (0, 0.125, 0.25, 0.5, 
1, 2 mg/mL). Media was replaced every 3-4 days with fresh media with the corresponding concentration of 
antibiotics. Percentages of dead cells were calculated after 4, 7, 11 and 14 days from duplicate wells of each 
concentration. 6 μg/mL of Blastisidin and 0.4 mg/mL of Geneticin were chosen as the working concentrations 
for selecting positively transfected cells.    
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Table. 1: List of proteins detected by Mass Spectrometry analysis without treatment (UT) and 24 hours after 
E-S6-IgG treatment (24h-Post E-S6-IgG binding). KG1a  cells were treated with E-S6-IgG in the presence of 2 mM 
CaCl2 for a period of 24 hours. CD44 was used to Co-IP candidate proteins and IP samples was resolved in SDS-
PAGE and subjected to Mass Spectrometry analysis. Untreated sample is included as a negative control. 
    

Protein Identification 

Probability 

Identified Proteins Accession Number Molecular Weight UT 24h-Post E-S6-

IgG binding 

Protein TRAJ56 (Fragment) 

OS=Homo sapiens 

GN=TRAJ56 PE=4 SV=1 

A0A075B6Z2_HUMAN 2 kDa 98% 99% 

CD44 antigen OS=Homo 

sapiens GN=CD44 PE=1 

SV=2 

H0YD13_HUMAN (+15) 23 kDa 100% 100% 

Isoform 2 of 

Dihydrolipoyllysine-residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase complex, 

mitochondrial OS=Homo 

sapiens GN=DLST 

sp|P36957-2|ODO2_HUMAN (+1) 40 kDa 98% 99% 

Isoform 2 of ATP synthase 

subunit alpha, 

mitochondrial OS=Homo 

sapiens GN=ATP5A1 

sp|P25705-2|ATPA_HUMAN (+2) 54 kDa 100% 100% 

Chromatin accessibility 

complex protein 1 

E5RGS9_HUMAN (+2) 6 kDa 98% 98% 
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OS=Homo sapiens 

GN=CHRAC1 PE=1 SV=1 

Isoform 4 of 

Phosphatidylinositol 3-

kinase regulatory subunit 

alpha OS=Homo sapiens 

GN=PIK3R1 

sp|P27986-4|P85A_HUMAN (+1) 84 kDa 100% 100% 

Vesicular glutamate 

transporter 1 (Fragment) 

OS=Homo sapiens 

GN=SLC17A7 PE=1 SV=1 

M0R1S5_HUMAN 13 kDa 100% 100% 

Actin, cytoplasmic 1 

OS=Homo sapiens 

GN=ACTB PE=1 SV=1 

ACTB_HUMAN (+1) 42 kDa 100% 100% 

Ig gamma-1 chain C region 

OS=Homo sapiens 

GN=IGHG1 PE=1 SV=1 

A0A087WV47_HUMAN (+8) 51 kDa 100% 100% 

Protein IGKV2D-29 

(Fragment) OS=Homo 

sapiens GN=IGKV2D-29 

PE=1 SV=1 

A0A075B6S2_HUMAN (+2) 13 kDa 100% 100% 

Serine--tRNA ligase, 

mitochondrial OS=Homo 

sapiens GN=SARS2 PE=1 

SV=1 

B4DJM9_HUMAN (+5) 26 kDa 100% 100% 

Serine/threonine-protein 

kinase TAO3 OS=Homo 

TAOK3_HUMAN (+1) 105 kDa 97% 95% 
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sapiens GN=TAOK3 PE=1 

SV=2 

Dynein heavy chain 9, 

axonemal OS=Homo 

sapiens GN=DNAH9 PE=1 

SV=1 

E7EP17_HUMAN (+2) 503 kDa 100% 100% 

GTP-binding protein Di-

Ras2 OS=Homo sapiens 

GN=DIRAS2 PE=1 SV=1 

DIRA2_HUMAN (+1) 22 kDa 100% 100% 

DNA methyltransferase 1-

associated protein 1 

(Fragment) OS=Homo 

sapiens GN=DMAP1 PE=1 

SV=1 

Q5TG38_HUMAN (+4) 28 kDa 98% 99% 

Serine/arginine repetitive 

matrix protein 3 OS=Homo 

sapiens GN=SRRM3 PE=4 

SV=1 

A0A087WXA3_HUMAN (+1) 72 kDa 98% 95% 

Leucine-rich repeat-

containing protein 10B 

OS=Homo sapiens 

GN=LRRC10B PE=4 SV=2 

LR10B_HUMAN (+1) 33 kDa 97% 96% 

Isoform alpha of 

Phosphatidylinositol 3,4,5-

trisphosphate 3-

phosphatase and dual-

specificity protein 

phosphatase PTEN 

sp|P60484-2|PTEN_HUMAN (+1) 65 kDa 
 

100% 
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OS=Homo sapiens 

GN=PTEN 

ATP-dependent Clp 

protease ATP-binding 

subunit clpX-like, 

mitochondrial OS=Homo 

sapiens GN=CLPX PE=1 

SV=2 

CLPX_HUMAN 69 kDa 100% 100% 

Isoform 2 of 

Serine/threonine-protein 

kinase Nek3 OS=Homo 

sapiens GN=NEK3 

sp|P51956-2|NEK3_HUMAN 56 kDa 97% 76% 

Erythrocyte band 7 integral 

membrane protein 

OS=Homo sapiens 

GN=STOM PE=1 SV=3 

STOM_HUMAN 32 kDa 100% 87% 

Pyruvate carboxylase, 

mitochondrial OS=Homo 

sapiens GN=PC PE=1 SV=2 

sp|P11498|PYC_HUMAN 130 kDa 100% 100% 

Isoform 2 of Pre-B-cell 

leukemia transcription 

factor-interacting protein 1 

OS=Homo sapiens 

GN=PBXIP1 

sp|Q96AQ6-2|PBIP1_HUMAN (+2) 78 kDa 86% 100% 

Putative uncharacterized 

protein encoded by 

LINC01560 OS=Homo 

CX024_HUMAN (+1) 10 kDa 98% 99% 
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sapiens GN=LINC01560 

PE=2 SV=2 

Uracil-DNA glycosylase 

OS=Homo sapiens GN=UNG 

PE=1 SV=1 

F5GYA2_HUMAN (+3) 29 kDa 98% 99% 

Meiosis arrest female 

protein 1 OS=Homo sapiens 

GN=KIAA0430 PE=1 SV=1 

F8VVB8_HUMAN (+1) 113 kDa 98% 99% 

Probable helicase with zinc 

finger domain OS=Homo 

sapiens GN=HELZ PE=1 

SV=1 

J3QS41_HUMAN (+2) 219 kDa 97% 99% 

Isoform 2 of P-selectin 

glycoprotein ligand 1 

OS=Homo sapiens 

GN=SELPLG 

sp|Q14242-2|SELPL_HUMAN (+2) 45 kDa 98% 99% 

Isoform 4 of FYVE and 

coiled-coil domain-

containing protein 1 

OS=Homo sapiens 

GN=FYCO1 

sp|Q9BQS8-4|FYCO1_HUMAN (+1) 169 kDa 78% 98% 

Peptidyl-glycine alpha-

amidating monooxygenase 

OS=Homo sapiens GN=PAM 

PE=1 SV=2 

sp|P19021|AMD_HUMAN (+9) 108 kDa 98% 96% 

Transcriptional regulator 

Kaiso OS=Homo sapiens 

GN=ZBTB33 PE=1 SV=2 

KAISO_HUMAN (+1) 74 kDa 96% 95% 
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Protein phosphatase 1 

regulatory subunit 29 

OS=Homo sapiens 

GN=ELFN2 PE=1 SV=1 

PPR29_HUMAN (+1) 90 kDa 96% 93% 

Desmoplakin OS=Homo 

sapiens GN=DSP PE=1 SV=3 

sp|P15924|DESP_HUMAN 332 kDa 100% 100% 

Glyceraldehyde-3-

phosphate dehydrogenase 

OS=Homo sapiens 

GN=GAPDH PE=1 SV=1 

E7EUT5_HUMAN (+2) 28 kDa 100% 
 

Peroxiredoxin-1 (Fragment) 

OS=Homo sapiens 

GN=PRDX1 PE=1 SV=1 

A0A0A0MSI0_HUMAN (+1) 19 kDa 99% 
 

Putative ciliary rootlet 

coiled-coil protein-like 3 

protein OS=Homo sapiens 

PE=5 SV=2 

CROL3_HUMAN 248 kDa 
 

99% 

Isoform 2 of Plexin-B3 

OS=Homo sapiens 

GN=PLXNB3 

sp|Q9ULL4-2|PLXB3_HUMAN (+1) 209 kDa 97% 98% 

N-terminal EF-hand 

calcium-binding protein 2 

(Fragment) OS=Homo 

sapiens GN=NECAB2 PE=1 

SV=1 

H3BQC7_HUMAN 7 kDa 97% 97% 

Isoform 2 of Enhancer of 

mRNA-decapping protein 4 

sp|Q6P2E9-2|EDC4_HUMAN (+1) 110 kDa 97% 94% 
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OS=Homo sapiens 

GN=EDC4 

3-hydroxyisobutyryl-CoA 

hydrolase, mitochondrial 

(Fragment) OS=Homo 

sapiens GN=HIBCH PE=1 

SV=1 

H7C126_HUMAN 4 kDa 91% 95% 

Katanin p60 ATPase-

containing subunit A1 

(Fragment) OS=Homo 

sapiens GN=KATNA1 PE=1 

SV=1 

B7ZBC8_HUMAN (+5) 32 kDa 95% 93% 

Thioredoxin-related 

transmembrane protein 1 

OS=Homo sapiens 

GN=TMX1 PE=1 SV=1 

G3V448_HUMAN (+1) 12 kDa 100% 
 

Putative elongation factor 

1-alpha-like 3 OS=Homo 

sapiens GN=EEF1A1P5 PE=5 

SV=1 

EF1A3_HUMAN (+1) 50 kDa 
 

99% 

Isoform 2 of 

Serine/threonine-protein 

kinase pim-1 OS=Homo 

sapiens GN=PIM1 

sp|P11309-2|PIM1_HUMAN (+1) 36 kDa 98% 94% 

Mitochondrial Rho GTPase 

1 OS=Homo sapiens 

GN=RHOT1 PE=1 SV=1 

J3KSR5_HUMAN (+1) 6 kDa 98% 98% 
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Centrosomal protein of 290 

kDa OS=Homo sapiens 

GN=CEP290 PE=1 SV=1 

J3KNF5_HUMAN (+1) 291 kDa 46% 98% 

Isoform 2 of Ubinuclein-1 

OS=Homo sapiens 

GN=UBN1 

sp|Q9NPG3-2|UBN1_HUMAN (+1) 119 kDa 98% 98% 

WD repeat-containing 

protein 19 OS=Homo 

sapiens GN=WDR19 PE=1 

SV=2 

sp|Q8NEZ3|WDR19_HUMAN 152 kDa 
 

97% 

Sperm-specific antigen 2 

OS=Homo sapiens 

GN=SSFA2 PE=1 SV=1 

E7EUL7_HUMAN (+4) 85 kDa 80% 97% 

Pre-mRNA-splicing factor 

SPF27 OS=Homo sapiens 

GN=BCAS2 PE=1 SV=1 

SPF27_HUMAN (+1) 26 kDa 97% 54% 

Carbonyl reductase 

[NADPH] 3 OS=Homo 

sapiens GN=CBR3 PE=1 

SV=3 

CBR3_HUMAN 31 kDa 97% 94% 

NF-kappa-B inhibitor 

epsilon OS=Homo sapiens 

GN=NFKBIE PE=1 SV=1 

A0A087WVX9_HUMAN (+1) 53 kDa 97% 75% 

Isoform 2 of Lymphocyte 

activation gene 3 protein 

OS=Homo sapiens 

GN=LAG3 

sp|P18627-2|LAG3_HUMAN (+3) 39 kDa 93% 96% 
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Isoform 2 of FAST kinase 

domain-containing protein 

2 OS=Homo sapiens 

GN=FASTKD2 

sp|Q9NYY8-2|FAKD2_HUMAN (+1) 75 kDa 
 

96% 

Isoform 3 of GTP:AMP 

phosphotransferase AK3, 

mitochondrial OS=Homo 

sapiens GN=AK3 

sp|Q9UIJ7-3|KAD3_HUMAN (+1) 21 kDa 59% 96% 

Fibrinogen beta chain 

OS=Homo sapiens GN=FGB 

PE=1 SV=1 

D6REL8_HUMAN (+1) 31 kDa 95% 64% 

Isoform 2 of Protocadherin 

gamma-B1 OS=Homo 

sapiens GN=PCDHGB1 

PCDGD_HUMAN (+1) 88 kDa 99% 
 

Eukaryotic translation 

initiation factor 2B subunit 

4 delta transcript variant 4 

OS=Homo sapiens 

GN=EIF2B4 PE=1 SV=1 

F8W8L6_HUMAN (+2) 25 kDa 
 

99% 

Isoform 2 of DDB1- and 

CUL4-associated factor 6 

OS=Homo sapiens 

GN=DCAF6 

sp|Q58WW2-2|DCAF6_HUMAN 

(+3) 

98 kDa 
 

98% 

Golgin subfamily A member 

3 (Fragment) OS=Homo 

sapiens GN=GOLGA3 PE=1 

SV=1 

A0A087WV43_HUMAN 10 kDa 
 

97% 
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Isoform 2 of Dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

48 kDa subunit OS=Homo 

sapiens GN=DDOST 

sp|P39656-2|OST48_HUMAN (+2) 47 kDa 97% 
 

Isoform OA3-293 of 

Leukocyte surface antigen 

CD47 OS=Homo sapiens 

GN=CD47 

sp|Q08722-2|CD47_HUMAN (+3) 32 kDa 96% 
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