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ABSTRACT 

Myeloid leukocytes contribute to inflammatory responses in immune 

dysregulations such as atherosclerosis, autoimmune encephalomyelitis, and arthritis. 

Leukocyte integrin, αXβ2 plays a pivotal role in their recruitment from circulation to 

lesions. Integrin αXβ2, known as a dendritic cell marker and complement receptor 4, 

is a heterodimeric cell surface receptor that bi-directionally relays cellular signals and 

functions in cellular trafficking, phagocytosis, and T-cell proliferation. In the regulation 

of these events, the ligand-binding domain of αXβ2, called the αX I-domain, acts like 

the gatekeeper of the bidirectional signals and relays them through affinity maturation 

and conformational changes from the closed to open state.  

A divalent cation is essential for the αX I-domain interaction with an acidic 

residue of a ligand. The biophysical approaches discussed here reveal that the 

addition of magnesium ion (Mg2+) results in an alteration of the structure and stability 

of the αX I-domain in-solution. The multiplicity of the αX I-domain conformations 

existing in-solution is associated with its affinity regulation to physiological ligands 

such as fibrinogen and iC3b. The hydrophobic environment in the Metal Ion 

Dependent Adhesion site (MIDAS), the Mg2+-binding motif, appears to determine the 

ionization states of two critical MIDAS aspartates, Mg2+ creates a link from MIDAS 

motif to the allosteric sites, all of which contribute to the integrin activation. The local 

rearrangements and cation-dependent flexibility of the αX I-domain facilitate affinity 

maturation. These features support the rapid equilibrium of the αX I-domain between 

the closed and the open conformations required during rapid leukocyte activation, 

important for regulating leukocyte adhesiveness and migration. 
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Furthermore, our studies reveal the binding mode of the αX I-domain to its first 

competitive antagonist, simvastatin, at the molecular level. We show that the 

carboxylate moiety of simvastatin in hydroxy-form binds to the Mg2+ at the MIDAS. 

This polar interaction is buried by a non-polar environment, which stabilizes the αX I-

domain-simvastatin interactions and is potentially the common mechanism for 

integrin-ligand interactions. 
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CHAPTER 1 

INTRODUCTION 

1.1 Integrins  

Integrins are a large family of type-I transmembrane receptors responsible for 

mediating cell–cell, cell–pathogen, and cell–extracellular interactions in metazoans (1). 

As an important class of adhesion receptors, integrins bidirectionally transduce 

biochemical signals across the plasma membrane, facilitating crucial biological 

processes such as cell migration, proliferation, and differentiation (2). Since their initial 

identification (3-6), the integrin receptor family has been extensively studied to 

understand its structure, function, and activation mechanisms. However, due to the 

differences in expression profiles and cellular functions, different ligands and binding 

constants, the long-standing question on the mechanism of integrin activation does not 

hold a unified explanation. 

 
Figure 1: Classification of integrin families.  
Heterodimers of 18 types of α subunits and 8 types of β subunits combine to form 
24 different integrins shown by connected solid lines. The integrins expressed on 
immune cells are shown with an asterisk. 
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Integrins are heterodimeric receptors and exist as two non-covalently bound α 

and β subunits. There are 18 α and 8 β subunits that associate to form 24 distinct 

integral heterodimers (Figure 1) (1, 7). The diversity in the subunit composition 

contributes to the diversity in ligand recognition. Based on their ligand specificities, 

mammalian integrins are categorized as laminin-binding, collagen-binding, leukocyte, 

and, RGD-recognizing integrins (Figure 1) (8). Loss of function and mutation studies 

performed in integrin knockout mice have revealed phenotypes linked to different 

human diseases depicting the importance of integrins (8, 9). 

1.2 Integrin signaling 

Integrins function as transmembrane mechanical linkages between the 

extracellular environment and the cytoskeleton inside the cells. Through extracellular 

ligand-binding integrins communicate extracellular cellular signals to the intracellular 

matrix by a process called “outside-in” signaling. The “inside-out” signaling activates 

integrins via stimuli received from cell surface receptors like B-cell and chemokine 

receptors, thereby relaying intracellular signals to the extracellular environment (10, 11). 

The ability of all integrins to relay bidirectional signaling stands out as a unique ability 

among other membrane receptors. These signaling events are associated with integrin 

conformational rearrangements and affinity changes, and emerging evidence has 

shown that the degree of integrin conformational changes and affinity maturation events 

appear to be integrin specific (12). 

 

 

 



 

3 

1.3 Roles of integrins in immunity 

1.3.1 Leukocyte integrins 

Among the integrin family, a class of integrins sharing a common β2-subunit 

(αXβ2, αMβ2, αLβ2, and αDβ2) (Figure 1) along with αEβ7, α4β1, and α4β7 are 

collectively known as leukocyte integrins. They play essential roles in immune 

responses to inflammations, infections, and immunosurveillance (13). However, at least 

12 types of integrins are shown to be expressed on leukocytes and platelets (14, 15). 

αLβ2 is expressed on all leukocytes, whereas αXβ2, αMβ2, and αDβ2 are 

predominantly expressed on myeloid cells at different levels (16-18). Additionally, β2-

integrins are also found on extracellular vesicles, which implicate their functions in the 

progression of pathogenic conditions like sepsis (19). α4β1 is expressed on leukocytes 

and neutrophils and plays a role in cell adhesion, spreading, and in the homing of 

memory and effector T lymphocytes to inflamed tissues (20). The expression of α4β7 is 

reported on NK cells, mast cells, basophils, monocytes, and most abundantly on T 

lymphocytes that circulate to mucosal tissues. α4β7 activation on leukocytes plays a 

role in adhesion and migration (21, 22).  

β2-integrins play critical roles in leukocyte trafficking and extravasation from the 

bloodstream to inflammation sites within tissues by controlling cell adhesion, migration, 

and cytoskeleton reorganization (Figure 2) (23). β2-integrins are fundamental in the 

formation of an immunological synapse between cells such as an antigen-presenting 

cell (APC) and a T cell (24), a B cell and a T cell (25), and between a natural killer cell 

and its target (Figure 2) (26). Therefore, β2-integrins are essential in immunological 

responses such as T cell activation and phagocytosis. Aberration in expression or 
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activation of integrins on immune cells results in immunodeficiency or autoimmune 

diseases such as leukocyte adhesion deficiency (LAD) and systemic lupus 

erythematosus (SLE) in human, and mouse models (27, 28).  

The significance of β2-integrins is emphasized in the rare genetic diseases called 

LAD syndromes type I and type III, which are immune deficiency conditions manifested 

by impaired adhesion of immune cells and a lack of neutrophil extravasation from the 

bloodstream to sites of inflammation and infections (29, 30). Clinically, LAD can be 

lethal due to recurrent bacterial infections, systemic sepsis, and impaired immune 

surveillance. LAD-I, particularly, is caused by mutation in the integrin, beta-2 (ITGB2) 

gene that results in either elimination or reduction in expression of β2-integrins (30, 31). 

LAD-III results from mutations in kindlin-3, which is a cytoplasmic adaptor protein that 

binds to integrin β-tail and prevents integrin activation through “inside-out” signaling 

(29). 

 
Figure 2: Role of β2-integrins in immune cell functions. Involvement of β2-
integrins is crucial in biological processes like inflammation, infection, and 
autoimmunity. Created with BioRender.com 
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Another pathological condition associated with β2-integrins is SLE, characterized 

by chronic inflammation caused when the immune cells attack healthy tissues in the 

body. Even though SLE’s exact cause is unknown, genetic studies have shown its 

correlation with the integrin alpha-M (ITGAM) and integrin alpha-X (ITGAX) genes, 

which encode for integrin αM and αX subunits, respectively (32, 33). In correlation to 

SLE, there are single nucleotide polymorphisms in the αM subunit which cause impaired 

ligand binding and defective cellular cytokine expression (28). Due to the diverse 

immunoregulatory roles of β2-integrins, modulating integrin activation has been a field 

of extensive research, and targeting β2-integrins is an attractive approach to treat 

pathological conditions arising from inflammation.   

1.3.2 Integrin αXβ2 

Integrin αXβ2 is one of the β2-integrin family members consisting of 150 kDa αX 

(CD11c) and 95 kDa β2 (CD18) integrin subunits. It is dominantly expressed on 

monocytes, tissue macrophages, subsets of T and B cells, natural killer cells, and 

dendritic cells (34). 

1.3.2.1 Importance of αXβ2 

Integrin αXβ2 is a marker for dendritic cells (DCs) (35). It plays important role in 

the regulation and priming of the immune system by mediating leukocyte extravasation 

and phagocytosis. αXβ2, also known as complement receptor 4 (CR4), modulates 

phagocytosis of particles opsonized with the complement product, iC3b (36), making it a 

significant player in innate immunity. 

Differential expression of αXβ2 is implicated in various diseases. Low expression 

of αXβ2 can cause autoimmune encephalomyelitis (23) whereas its overexpression on 
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natural killer cells can cause hypocholesteremia (37). Moreover, αXβ2 overexpression 

contributes to the onset of atherosclerosis, which is pathologically characterized by 

leukocyte activation, migration across inflamed endothelium, and deposition on the 

arterial walls (37). Due to the significant involvement of αXβ2 in the immune system, 

and related implications in multiple diseases, it is important to characterize its 

conformational dynamics in relation to αXβ2-ligand interactions, which can provide a 

better understanding of αXβ2 activation mechanism. 

1.3.2.2 Ligands of αXβ2 

Integrins have a unique ability to recognize multiple ligands with different affinity 

energetics, a characteristic that markedly aids in integrin functional diversity. However, 

this capability also confers challenges for identifying a unique ligand-binding mechanism 

for each integrin.  

Through its ligand-binding domain, called the αX I-domain, αXβ2 binds to the 

complement fragment—iC3b (36), FcγRIII-B (38), fibrinogen (39), type I collagen (40), 

intercellular adhesion molecules—ICAM-1 (41), ICAM-2 (42), and ICAM-4 (43), as well 

as vascular adhesion molecule VCAM-1 (42). αXβ2 also interacts with the non-protein 

ligand, heparin (44), denatured proteins (45), and negatively charged amino acid 

residues (46). Since studies have revealed that proteolysis and denaturation enhance 

binding of the αX I-domain to fibrinogen, αXβ2 has been proposed as a danger receptor 

for proteolyzed and denatured proteins (46).  

In this thesis, the physiological ligands of αXβ2, iC3b, and fibrinogen, are used 

for binding studies. αXβ2 is a complement receptor of iC3b and C3c, and the interaction 

with these opsonic fragments of C3 results in phagocytosis of pathogenic particles (47, 



 

7 

48). The complement system involves numerous plasma proteins and is either activated 

directly by pathogen recognition or indirectly by the pathogen-bound antibodies. The 

resulting cascade of reactions builds an effective host defense against initial infections. 

Complement activation can originate by three distinct pathways, with proteolytic 

cleavage of complement component C3 as the critical step in each (Figure 3).  

An early triggered enzyme cascade generates the protease-C3 convertase that 

cleaves C3 to yield C3a, a peptide mediator of inflammation, and C3b, the key molecule 

 
Figure 3: Complement C3 and formation of its products.  
Schematic diagram of C3 activation and domain rearrangements. The protease-C3 
convertase generated by early trigger enzyme cascade cleaves C3 to C3a, and C3b. 
The degradation of the C3b forms the 173-kDa inactivated C3b (iC3b) fragment 
which links to pathogen surface via the thioester domain (TED). Further degradation 
of iC3b forms C3c, and C3dg. 
Adapted from Nishida N., Walz T., & Springer, T. A. (2006). Structural transitions of 
complement component C3 and its activation products. PNAS, 103(52), 19737-42. 
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which acts as an opsonin in the complement system by binding to pathogens (Figures 

3A to 3B). C3b undergoes subsequent cleavages by the complement regulatory 

enzyme factor I (FI) (Figures 3C to 3D), resulting in the 173-kDa inactivated C3b (iC3b) 

fragment that links complement receptors and signaling process (Figure 3D) (49, 50). 

iC3b is comprised of C3c and thioester domain (TED) linked by a long flexible linker 

(Figure 3D). The cleavage of iC3b forms C3c and C3dg (Figures 3D to 3E). The C3c 

gets released to fluid phase and its terminal fragment C3dg remains covalently attached 

to the thioester domain (Figure 3E). Electron Microscopy (EM) studies have shown that 

the iC3b-αXβ2 interaction involves the binding of the αX I-domain on the C3c moiety of 

iC3b at two sites (47, 51).  

The major binding site of iC3b to αXβ2 is reported at the interface between 

macroglobulin MG3 and MG4 domains, and the secondary binding site is reported near 

the C345C domain (47). This secondary binding region is recently identified as two 

distinct binding moieties of iC3b, the N-terminal segment of the C3b α’-chain (α’NT) 

(Figure 3D; orange fragment) and the N-terminus of the residual CUBf segment (Figure 

3D; yellow fragment) in the C3 α’-chain which results from cleavage of CUB domain 

(complement C1r/C1s, sea urchin EGF, and bone morphogenic protein-1 related 

domain) which specifically binds to the αX I-domain (52). Likewise, the CUBf segment is 

also shown to bind to the αM I-domain. The αMβ2 through its αM I-domain, also binds to 

iC3b at a thioester domain and simultaneously interacts through its β-subunit regions 

with C345C domain in the C3b moiety of iC3b (47).  

Another important ligand of αXβ2 is fibrinogen, a large multidomain 340-kDa 

hexameric protein comprised of two pairs of α, β, and γ polypeptide chains. Fibrinogen 
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is an important blood plasma protein that is converted into fibrin. Fibrin functions in 

blood coagulation by preventing blood leaks from vessels. In addition, fibrinogen also 

functions in platelet aggregation and stimulation of cytokine release in macrophages. 

Fibrinogen consists of two distal D domains and a central E domain, which upon 

cleavage by plasmin, results in fragment D and fragment E (53). The αX I-domain binds 

to the N-terminal domain of the α-chain of fibrinogen in fragment E upon recognition of 

the (glycine-proline-arginine) sequence (39, 54). The αM I-domain binds to the fragment 

D of fibrinogen (55). Even though fibrinogen is a ligand for both αXβ2 and αMβ2, αXβ2 

exerts a dominant role over αMβ2 during adherence of fibrinogen to macrophages and 

dendritic cells (56).  

Despite the high sequence identity of 60% found between the αX and αM I-

domain, striking differences are observed in their binding sites to their ligands iC3b and 

fibrinogen, respectively (47, 52). Since these two integrins bind to each ligand at distinct 

sites, elucidating the molecular basis of these interactions could provide a strategy to 

design integrin-specific therapeutics. 

1.3.2.3 Uniqueness of αXβ2 among β2-integrins 

αXβ2 is widely used as a marker of dendritic cells (57). αXβ2 and αMβ2 are 

highly expressed in macrophages, while αLβ2 is expressed in both lymphocytes and 

myeloid cells (58, 59). Unlike αMβ2, the αXβ2 can bind to proteolyzed fibrinogen with 

high affinity, thereby increasing neutrophil granulocyte adhesion (46). Both αXβ2 and 

αMβ2 bind to several structurally unrelated ligands. αXβ2 binds strongly to negatively 

charged species, while αMβ2 has the propensity to bind positively charges species (60-

62). αXβ2 can recognize the high negative charge on microbes and act as a scavenger 
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receptor to collect proteolyzed protein and alert the immune system regarding infections 

(63, 64). 

αXβ2 and αMβ2 also play different roles in an inflammatory response. αMβ2 

plays a critical role mainly in phagocytosis of complement-opsonized pathogens and 

highlights the well-established theme of complement as the primer of antibody formation 

(65). While both αXβ2 and αMβ2 are involved in phagocytosis, studies have shown that 

αXβ2 is more dominant than αMβ2 in adhesion to fibrinogen by human monocyte-

derived macrophages and dendritic cells (64). Fibrinogen, a major ligand of β2-integrins, 

is a critical molecule deposited at sites of injury during inflammation and participates in 

the adhesion and migration of leukocytes.  

Studies involving an opportunistic fungal pathogen, Candida albicans, 

demonstrated that the defense against fungal infections is driven by αXβ2 and not by 

the αMβ2 receptor (66).  Studies on mice deficient in αXβ2 or αMβ2 showed that the 

production of inflammatory cytokines by renal monocytes and macrophages during the 

acute phase of fungal infection and protection against death from endotoxin shock were 

dependent on αXβ2 (64). It was also shown that tissue macrophages first activate and 

engage αXβ2, and not αMβ2, in primary inflammatory function (64). αXβ2 plays a 

central role in atherosclerosis development during hypercholesterolemia, evident by 

studies in which αX-deficient mice exhibited reduced adhesion of monocytes to vascular 

adhesion molecules and reduced macrophage content in atherosclerotic lesions, 

thereby decreasing plaque formation (37). In addition, studies have demonstrated the 

abundance of αXβ2 in mouse atherosclerotic lesions (67).  
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1.4 Structure of integrins 

1.4.1 Overall integrin structure 

Each subunit of the α/β heterodimeric integrin consists of a large extracellular 

multidomain, a single membrane-spanning domain, and a short unstructured 

cytoplasmic tail (with the exception of the β4 subunit containing a long cytoplasmic tail) 

linking to the cytoskeleton (Figure 4A). Generally, the α and β subunits contain about 

1000 and 750 amino acids, respectively, although the sizes of different integrins vary 

(Figures 4B, C) (68). Numerous high-resolution structures of intact integrin or integrin 

domains published in the past two decades have contributed to structural insights in 

understanding of the integrin activation mechanism (48, 68-70). 

 

 
Figure 4: Overall integrin structure. (A) Schematic representation of α/β 
heterodimeric integrin comprising of two large α/β extracellular multidomains, 
membrane-spanning helices, and two short cytoplasmic tails depicting approximate 
dimensions. (B) Domain organization of integrin αXβ2. (C) Structure of integrin αXβ2 
using same color code as (B) (illustrated with PyMOL using PDB coordinates 
5ES4).Created with BioRender.com 
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1.4.1.1 Cytoplasmic tails 

The cytoplasmic tails of integrins are typically unstructured and short, usually 

consisting of 10-70 amino acid residues (Figure 4A). Both the α- and β- cytoplasmic 

tails serve as hubs for adaptor protein complex assembly. However, the β-cytoplasmic 

tail is more conserved than the α-cytoplasmic tail across integrin family. Integrins 

predominantly bind to adaptor proteins such as kindlin and talin through their β-tails 

during integrin activation (68).  

1.4.1.2 Transmembrane type-I helices 

The transmembrane helices of integrins are comprised of about 25-29 residues 

which form homo- or heterodimers of α-helical coils (Figure 4A) (71, 72). Their structural 

specifics in integrin αIIb/β3 were elucidated by solution NMR analysis (73). The 24-

residue αIIb transmembrane α-helix is inserted perpendicular into the membrane, 

whereas the 30-residue β3 α-helix is tilted in the phospholipid membranes (73). Studies 

have revealed that the conserved GFFKR and HDR(R/K) sequences stabilize the 

heterodimer formation in membrane-proximal regions of α and β subunits, respectively 

(74, 75), keeping most integrins in the bent conformation. 

1.4.1.3 Ectodomain 

The first structure of complete integrin αVβ3 ectodomain (76) showed that the α-

subunit consists of four extracellular subdomains, a seven-bladed β-propeller, a thigh, 

calf-1, and calf-2 (Figures 4A-C) (76, 77). The integrin α-subunits can be categorized 

according to whether or not they contain an extra von Willebrand factor A inserted (αI) 

domain. Half of the 18 α subunits incorporate the inserted (αI) domain of approximately 

200 residues that protrudes from the β-propeller domain (Figure 4) (78-80). Unlike the 
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other four domains, which manifest relatively rigid structures, the αI domain shows 

structural flexibility relative to the remainder of intact integrin and conformational 

rearrangement within the domain itself. αI domains function as the only ligand-binding 

domain when present, and are crucial for bidirectional signal relay between α and β 

subunits (78, 79, 81).  

The β-subunit is composed of eight extracellular subdomains: a β I-domain, a 

hybrid domain, a plexin-semaphorin-integrin (PSI) domain, four epidermal growth factor 

(EGF)- like domains, and a membrane-proximal β-tail (βTD) domain (Figure 4). The βI-

domain, which is a structural homolog of the αI-domain but not diverged from it, is 

responsible for ligand binding in the integrin heterodimers, which lack the αI-domain (8).  

Integrins are metalloproteins. In the αI-domain containing integrins, the integrin-

ligand interactions are dependent on Mg2+ which is coordinated by residues in MIDAS 

(metal-ion-dependent adhesion site) motif. In the integrins lacking an αI-domain, ligand 

binding is dependent on Mg2+ coordinated by MIDAS residues and two Ca2+ ions 

present at the ADMIDAS (adjacent to MIDAS) and SyMBS (synergistic metal ion-

binding site) of the βI domain (82). Upon ligand binding, the ligand-binding domain 

transitions from the closed/low-affinity state to an open/high-affinity state, which leads to 

the conformational rearrangements in other parts of the integrin (83). Leukocyte 

integrins are αI-domain containing integrins. The structural changes of the αI-domain 

will be specifically discussed in detail in Section 1.4.4. 

1.4.2 Global conformational changes of the integrin ectodomain 

The large global conformational arrangement in the α- and β- subunit of integrins  
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is associated with a change in integrin affinity and the transmission of biochemical 

signals from the extracellular domains to the transmembrane and cytoplasmic domains. 

Electron microscopy (EM) studies have revealed that integrins adopt three overall 

conformational states: bent with closed headpiece, extended with closed headpiece, 

and extended with an open headpiece (Figure 5). The bent and extended closed 

conformations are proposed as the low ligand affinity states (Figures 5A, B). In contrast, 

the extended conformation with headpiece opening has been proposed as the high 

ligand affinity conformation (Figure 5C) (48). The extracellular domain extension allows 

 
 
Figure 5:  Schematic diagram of different integrin conformations.  
Three overall conformation of αI integrins. (A) The bent/closed and (B) the 
extended/closed states have low affinity for a ligand, but (C) the extended/open is the 
high affinity state. Electron Microscopy (EM) images depict these conformational 
states of integrin. 
EM images adapted from Nishida N., Xie C., Shimaoka M., Cheng Y., Walz T., & 
Springer, T. A. (2006). Activation of leukocyte beta2 integrins by conversion from 
bent to extended conformations. Immunity, 25(4), 583-594. 
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the headpiece to extend away from the cell surface, yielding in solvent exposure of 

interfaces between the headpiece and lower legs. The extended conformation with 

headpiece opening results in rearrangement in MIDAS region of the βI-domain, causing 

the βI-α7 helix to move downward and derestricting the hybrid domain, which leads to 

the swing-out of the hybrid domain away from the α subunit (Figure 5C-semi-circular 

arrow) (14, 84). 

Negative-stain EM studies showed that leukocyte integrins predominantly adopt 

the bent, low-affinity state (85). Hence, extracellular and intracellular ligands are 

responsible for activating the bent/closed integrin into an extended/open conformation 

through “outside-in” and “inside-out” signaling, respectively. The extracellular ligand-

binding regulates the conformational equilibrium temporally and spatially based upon 

the cellular activation and association with the cytoskeleton (86). 

Upon ligand binding to αI- integrins, the conformational changes occur in the αI-

domain and then it interacts with the βI-domain inserted in the hybrid domain —an event 

that relays cellular signals between α- and β- subunit (Figure 5C). The orientation 

between the βI- and hybrid domain is critical in integrin conformational change (79). The 

crosstalk between the αI-domain and the βI-domain results in a 60° swing-out of the 

hybrid domain from the α subunit (arrow in Figure 5C) (79). This movement, along with 

a shift of the rigidly connected PSI domain located at knee region of β-subunit, in turn, 

transitions integrins from a “closed” to an “open” conformation (Figures 5A-C). This 

association of the αI-domain to the βI-domain is an important activation step since it has 

been shown to induce a global conformation change of the intact integrin (78, 79, 87). 
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1.4.3 Coupling of integrin conformational changes and function 

The structural diversity, flexibility, and dynamism of integrins are directly related 

to their functions in mediating interactions between the extracellular environment and 

the intracellular cytoskeleton (88, 89). These interactions are important for regulating 

integrin-dependent cellular signalling. The bidirectional signal transduction is associated 

with fine-tuning of integrin’s conformational equilibria (14). However, the mechanisms of 

the conformational regulation of integrins are diverse and specific to each integrin (90).  

The dynamic control of integrin affinity to their respective ligands is essential. 

Binding of ligands to the extended-open conformation also leads to integrin clustering, 

intracellular kinase recruitment, and activation of downstream signaling pathways (91). 

Expression of integrin in a bent, closed state is crucial for its regulation because 

aberrant integrin activation can be harmful. For instance, αIIbβ3 integrins expressed on 

platelets are continuously exposed to fibrinogen in the blood and must be maintained in 

a bent, closed state unless blood vessel injury occurs. Inappropriate activation of αIIbβ3 

causes platelet aggregation and thrombosis, resulting in bleeding disorders as well as 

stroke and heart attack (92-94).  

The β2-integrins found in leukocytes and T cells are also predominantly 

expressed in a bent, closed state and are activated by cytokines that result in ligand 

binding to mediate cell–cell adhesion  assisting in inflammation, phagocytosis, cytotoxic 

killing, or lymphocyte recruitment (95). On the contrary, integrin α6β4 and α3β1, which 

form components of hemidesmosomes, are generally present in an extended/open 

state. These integrins can provide stable mechanical adhesion for linking the 

extracellular matrix to the actin cytoskeleton (96, 97). The laminin-binding integrin α6β4 
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was reported to be resistant to conformational regulation and exhibits a completely 

extended conformation in different buffer conditions, indicating that α6β4 does not 

require mechanisms for rapid activation since it is expressed on stationary cells and 

found in an extended conformation (12). Thus, each integrin’s specific conformational 

state contributes to regulating cellular properties to respond to injuries or provide 

positional uniqueness to a cell for adhesion to another cell or extracellular matrix. 

The importance of the conformational states of integrins can be highlighted in 

several crucial physiological functions. Interestingly, two recent studies have reported 

that ligand-bound integrin can adopt a bent conformation. Studies using super-

resolution microscopy have shown that bent, closed β2-integrins exhibit a face-to-face 

orientation by their interaction with ICAM dimers in cis. Blocking of this interaction 

resulted in molecular patterns of activated integrins on human neutrophils (98). 

Interestingly, cis interaction was also shown between the αM I-domain and the IgG 

receptor, FcγRII-A, which was important in regulating neutrophil recruitment (99). An 

addition of phorbol ester PMA was shown to activate α4β1 without an extension of the 

receptor. This observation suggests the importance of ligand binding to bent, closed 

integrin that could be beneficial for receptor clustering and trafficking (89).   

Studies have shown that moderate shear force can activate leukocyte integrins 

(100, 101). The application of tensile force to the integrin-ligand interface results in the 

αI-α7 helix movement leading to headpiece opening and stabilization of the open 

conformation. These force-strengthened integrin-ligand interactions, along with the 

associated stabilization of conformational changes, could be important for cellular 

migration (102).  
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1.4.4 Structural changes in the αI- and βI-domain 

The α- and β- I-domains adopt a Rossmann-type fold with a central, hydrophobic 

six-stranded β-sheet surrounded by seven amphipathic α-helices. The αI-domain 

physiologically consists of a Mg2+ ion in the metal ion-dependent adhesion site (MIDAS) 

at the ligand-binding “top” face at the C terminal ends of the parallel β strands (Figure 

6C) (87, 103). The N and C terminus at the “bottom” face the αI-domain are flexibly 

linked to the β-propeller domain. The flexibility of the N-terminal linker is limited due to 

the disulfide bond to a β-propeller loop followed by a short sequence formed by three 

residues (79). On the contrary, the C-terminal linker is highly flexible, and consists of a 

 
Figure 6:  Structural rearrangements during integrin activation. 
Schematic diagrams of the αI-α7 helix motion during the integrin activation from (A) 
the closed/low-affinity states to (B) open/high-affinity states on intact integrin. (C) 
Superimposition of the isolated closed (PDB# 1JLM) and open (PDB# 1IDO) αM I-
domain. (D) Superimposition of the closed (PDB# 5ES4) and open (PDB# 4NEH) αX 
I-domain on intact αXβ2. 
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Ser/Thr- rich 10 residue sequence. The first crystal structure of the αX I-domain lacked 

a metal at the MIDAS (103), and has not been crystalized with any cations so far. 

However, the crystal structure of the αXβ2 ectodomain acquired in later years contained 

a metal ion at the MIDAS (78, 79). 

1.4.4.1 MIDAS movement 

Structural studies have revealed that the αXI-domain samples two major 

conformations termed as closed and open states (79, 85, 103). The closed state 

transitions to the open state during an integrin activation, but molecular details of 

conformational transitions are highly elusive. 

The αX I-domain binds to ligand with the coordinated Mg2+ ion and metal-

coordinated residues in three different loops of MIDAS. The metal coordinating residues 

are mostly polar and negatively charged amino acids. For example, the β1α1-loop 

contains three coordinating residues in a sequence of Aspartate-X-Serine-X-Serine 

(DXSXS) MIDAS motif, which is shown to be conserved among the αI-domains. For 

Mg2+coordination, the second loop donates a Threonine (Thr 207) residue, and the third 

    A.                                                              B. 

                              
 
Figure 7: Difference in the magnesium coordination at MIDAS in the closed and 
open states of the αX I-domain. 
A) closed/low- affinity state (PDB# 5ES4)  (B) open/high-affinity state (PDB# 4NEH).  
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loop donates an Aspartate (Asp 240) residue (79). A water molecule forms a hydrogen 

bond with the side chains of MIDAS residues Asp 138, Thr 207, and Asp 240, as shown 

in (Figures 7A, B). Upon transitioning from the closed to the open state, the Mg2+ ion at 

MIDAS moves 2.5 Å, breaking direct coordination with Asp 240 and gaining 

coordination with Thr 207 (79).  

1.4.4.2. The allosteric α7-helix motions in the αX I-domain 

In the closed state of the αX I-domain, the αXI-α7 helix is tightly associated with 

the body of the domain through hydrophobic contacts (Figure 6A, C) (78, 103). In the αI-

domain opening, the β6 strand tilts and the β6α7-loop moves toward the C-terminus 

with the downward movement in the α7-helix by 10 Å (Figure 6C). In an intact 

ectodomain, the C-terminal portion of the α7-helix completely unwinds and the α7-helix 

is elongated. Studies using nuclear magnetic resonance (NMR) spectroscopy have also 

suggested that the αI α7-helix is highly flexible (104). With this high flexibility, its 

terminal residue Glutamate (Glu 318), could reach and bind to the β2 I-domain MIDAS 

(Figures 6B, D), and, together with a couple of preceding hydrophobic residues, act as 

the internal ligand for the β2 I-domain (Figure 6B) (79). 

1.4.4.3 Allosteric crosstalk between MIDAS and the αI-α7 helix 
The ligand-binding causes a synchronized reorganization of the loop around 

MIDAS and is hypothesized to induce a downward motion of the distal αI α7-helix 

through allostery (79, 105). This relay of allostery is essential in bidirectional signal 

transduction. 
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1.4.4.4 Mimicking αI-domain activation using a point mutation 

The side chain of Isoleucine (Ile 314) present towards the end of the α7-helix is 

buried in a hydrophobic pocket (also known as SILEN-socket for Isoleucine) formed by 

side chains of hydrophobic residues in its proximity. Mutation of Ile 314àGlycine (Gly) 

(SILEN mutation) disrupts the contact between this residue and the hydrophobic pocket 

and increases the ligand affinity of the αI-domain (103). This Ile 314 Gly mutated SILEN 

αX I-domain is shown to destabilize the closed conformation of the αX I-domain and 

shift the conformational equilibrium towards the open state (103). Based on affinity and 

kinetics measurements, this SILEN mutant has been proven to provide the important 

end-point of the high ligand-binding affinity of the αX I-domain. Notably, the αM I-

domain structure with SILEN mutation is shown to adopt an open state conformation 

(106).  

1.5 Towards new area of designing integrin-specific therapeutics 

Integrins are proven drug targets. Integrin αXβ2 proves to be a potential 

therapeutic target due to its roles in autoimmune pathologies and cancer 

microenvironment. Although antibody-based therapies have been investigated for T-cell 

modulation by targeting β2-integrins as antagonists, these anti-inflammatory treatments 

were unsuccessful in clinical trials. This unmet need in the field highlights an urgency for 

developing non-antibody-based antagonists. That being the case, small molecule 

antagonists can be advantageous in regulating integrin functions with high specificity 

and lower concentration. Hence, some small molecules have been of great interest due 

to their ability to induce integrin structural changes (107, 108). Understanding the 

allostery and structural perturbations of β2-integrins by identifying small molecule 
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A.                                                 B.  

                                   
 
Figure 8: Structures of simvastatin (A) Lactone Prodrug  (B) Hydroxy-acid-form.  

H
O

O
O

OHO

antagonists and agonists and determining the binding mode of integrin-small molecule 

interactions will advance strategies for designing second generation specific small 

molecule inhibitors and activators. 

Several small-molecule inhibitors of β2-integrins have been identified (109-111). 

Clinically, statins are widely used to reduce cholesterol levels in patients by inhibiting 

HMG-CoA reductase. They also possess pleiotropic effects such as anti-inflammatory 

ability (108-110, 112, 113). The type-I statins such as lovastatin, simvastatin, and 

mevastatin, have been shown to inhibit the binding of LFA-1 to ICAM-1 (108, 110). 

Lovastatin is shown to have significantly changed leukocyte distributions in several 

lymphoid tissues in vivo (109).  

Studies have shown the binding of hydrolyzed simvastatin (Figure 8B) to the αM 

I-domain inhibits αM I-domain’s binding to its physiological ligands like iC3b and C3b 

(107). The carboxyl group of the hydrolyzed simvastatin was found to bind Mg2+ at the 

αM I-MIDAS (107).  
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1.6 Dissertation summary 

In my doctoral study, I carried out the biophysical characterization of the wild-

type (WT) and SILEN αX I-domain representing the closed and open conformation, 

respectively. We examined the effect of divalent cations on the thermodynamics and 

conformation of the αX I-domain. We showed that Mg2+ affects the affinity modulation of 

the αX I-domain. Additionally, we demonstrated that simvastatin in its carboxylate form 

(Figure 8B) binds to the αX I-domain and antagonizes binding of iC3b to the αX I-

domain. We identified the simvastatin-αX I-domain interaction interface and elucidated 

the binding mechanism. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Expression of the recombinant αX I-domain 

The recombinant αX I-domain gene used for this study is the sequence coding 

for the amino acid residues Glutamine (Gln 129) to Glycine (Gly 319) of the intact 

CD11c gene. This CD11c gene fragment subcloned into the pgEX-6P expression vector 

with an N-terminal Glutathione S-transferase (GST) affinity tag was the construct used 

for the expression of the WT αX I-domain. This construct included Alanine (Ala 

232)àThr mutation for increasing the solubility of the αX I-domain. This mutation is not 

in close vicinity of functional sites and regularly used for the αI-domain studies. The Ile 

314àGly encoding construct was used to express the SILEN αX I-domain. The 

recombinant αX I-domain plasmid was transformed into E. coli Rosetta BL21(DE3) cells. 

To begin the transformation, 50 ng of the plasmid was added into 50 µL of Escherichia 

coli Rosetta BL21 (DE3) cells in a microcentrifuge tube placed on ice. After gently 

flicking the tube’s bottom to mix the cells and plasmid, the tube was incubated on ice for 

30 minutes. To heat shock the cells, the tube was placed into a 42 ºC water bath for 45 

seconds and immediately returned to the ice for 3 minutes. 250 µL of Luria Bertani (LB) 

(Appendix 1) media was added, cells were incubated at 37 ºC for 1 hour while shaking 

on an orbital shaker at 225 rpm. Next, 100 µL of the suspended cells were plated on an 

LB agar plate containing 100 µg/mL carbenicillin and 100 µg/mL chloramphenicol and 

incubated at 37 ºC for 12 to 16 hours.  

After incubation, a single colony was inoculated into a 5-mL starter culture of LB 

media containing the antibiotics at 37 ºC with vigorous shaking at 225 rpm for overnight 
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growth (12 to 16 hours). 1 mL of the overnight starter culture was used in the following 

day to inoculate 1 L of LB media at 1:1000 dilution with antibiotics. The cells were grown 

until OD600nm of 0.5-0.7 was reached. The temperature of the cells was reduced to room 

temperature by leaving the flasks at 4 ºC for 20 minutes to decrease the rate of protein 

synthesis-a process which is advantageous for proper protein folding and solubility. The 

cells were then induced to express the αX I-domain by adding isopropyl-1-thio-B-D-

galactopyranoside (IPTG) to a final concentration of 1 mM. The cells were incubated 

overnight (14-16 hours) at 22 ºC with vigorous shaking at 225 rpm. Cell pellets were 

harvested the next day by centrifugation at 3500 rpm for 30 minutes.  

To obtain isotopically labeled αX I-domain protein for nuclear magnetic 

resonance (NMR) studies, the cells were grown in 1 L of M9 salts minimal media 

(Appendix 1). 1 mL of the overnight starter culture used for inoculation in minimal media 

was grown in LB media. All remaining procedures for protein expression in minimal 

media were similar to the steps mentioned earlier for protein expression in cells grown 

in LB media. For isotopically labeled samples, 15N-labeled ammonium chloride 

(15NH4Cl) and 15N-labeled ammonium sulfate (15NH4)2SO4 were used as the sole 

nitrogen sources. 

2.2 Purification of the recombinant αX I-domain 

The harvested cells obtained by following procedures described in Section 2.1 

were resuspended in 50 mL of lysis buffer (20 mM Tris-HCl, 200 mM NaCl, 10% 

glycerol, pH 8.0). The cell suspension was thoroughly lysed by passing through the 

Avestin Emulsiflex C3 homogenizer at 10,000 psi five times. The cell lysate was 

incubated with 1X phenylmethanesulfonyl fluoride (PMSF) and 1 mM DNase by gently 
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rocking at 4 ºC for 30 minutes. Next, the lysate was centrifuged at 20,000 X g in 

polycarbonate centrifuge tubes for 45 minutes at 4 ºC.  

The GST-fused αX I-domain was purified by affinity purification using glutathione 

sepharose resin (Cytiva; product number 17075601) column. All prepared buffers used 

for protein purification were filtered through a 0.45 µm filter and degassed for 20 

minutes. The resin was equilibrated with GST binding buffer (20 mM Tris-HCl, 300 mM 

NaCl, 10% glycerol, pH 8) for five column volume (CV). The supernatant obtained from 

the lysate was filtered through a 0.45 µm filter and loaded onto an equilibrated 

glutathione sepharose resin column at a 1 mL/minute flow rate. After washing the 

column with the GST binding buffer for five CV, the protein was eluted with the GST 

elution buffer (20 mM Tris-HCl, 200 mM NaCl, 10 mM reduced glutathione, 10% 

glycerol, pH 8) in 5 mL fraction sizes.  

The protein-containing fractions were collected and subjected to site-specific 

cleavage using hexameric histidine-fused human rhinovirus 3C protease. The 3C 

protease to GST-fused αX I-domain protein ratio was 1:20. The digestion mixture (1-2 

mg/mL GST-fused αX I-domain, 3C protease, 20 mM Tris-HCl, 15 mM BME in 30 mL) 

was transferred into a dialysis bag of 10 kDa molecular mass cut-off (Sigma-Aldrich) 

and set up for dialysis-digestion procedure. The dialysis bag was kept afloat in the 

dialysis buffer (20 mM Tris-HCl, 100 mM NaCl, 15 mM BME, 10% glycerol, pH 8) and 

gently stirred for 16 hours at 4 ºC for complete digestion.  

After overnight digestion, the digestion mixture was spun down to remove any 

possible precipitation. The resulting supernatant was passed through a Ni-sepharose 

HisTrap HP column (GE-Healthcare) to remove the 3C protease fused to the hexameric 
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histidine tag. Before passing the protein mixture, this column was equilibrated with the 

binding buffer (20 mM Tris-HCl, 300 mM NaCl, 40 mM imidazole, 10% glycerol, pH 8). 

The resulting flow-through was the mixture of 22 kDa αX I-domain and the cleaved 26 

kDa GST protein. The HisTrap column was washed with binding buffer (20 mM Tris-

HCl, 300 mM NaCl, 40 mM imidazole, 10% glycerol, pH 8) for five CV to ensure that the 

protein of interest was thoroughly released, after which the his-tagged 3C protease was 

eluted with the elution buffer (20 mM Tris-HCl, 300 mM NaCl, 500 mM imidazole, 10% 

glycerol, pH 8). The collected flow-through was further passed onto the equilibrated 

glutathione sepharose resin to remove the cleaved GST protein. The resulting flow-

through fractions mostly contained the 22 kDa αX I-domain.  

Finally, the fractions containing the target protein were pooled together and 

concentrated to 5 mL using Amicon ultra centrifugal filter unit with a 10 kDa molecular 

mass cut-off (Amicon). The concentrated protein solution was centrifuged to remove 

any precipitation. Further purification of the concentrated αX I-domain was performed 

using the HiLoad 16/60 Superdex-75 prep grade column (GE Healthcare/Amersham) on 

the ÄKTA FPLC (Amersham Biosciences) system. The 5-mL sample was loaded into 

the S75 column previously equilibrated with 20 mM Hepes, 150 mM NaCl, pH 7.5 buffer 

prepared in chelex-treated water. In our studies, the chelex-treated water is the water 

obtained by passing the MilliQ water through a chelex-100 resin (Bio-Rad catalogue 

number 142-2832) multiple times to remove its trace amount of metal ions. Chelex resin 

is a styrene-divinylbenzene copolymer containing paired iminodiacetate ions, which can 

chelate polyvalent metal ions and operate in a pH solution of pH 4 or above (114). Since 

our experiments involved studying the effects of cations on the protein, we wanted to 
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ensure that the water used for the protein suspension and the buffer preparations did 

not contain any metal ions.  

The sample was run for 2 hours at a 1 mL/minute flow rate and eluted in 1 mL 

fraction volumes. Any GST protein contamination was successfully removed in earlier 

elution fractions during size exclusion chromatography since this protein dimerizes and 

forms a 52 kDa GST dimer. The resulting αX I-domain peak fractions from the final size 

exclusion chromatography were evaluated for purity using the 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).  

For SDS-PAGE gel electrophoresis (Appendix 2), 50 µL of protein sample was 

mixed with 10 µL of loading buffer before being heated at 95 ºC for 3-5 minutes. SDS-

PAGE gels were run for 120 V until the protein reached the end of the stacking gel and 

at 200 V for protein separation on resolving gel in the SDS running buffer using Bio-Rad 

electrophoresis tank. Gels were stained with silverstain blue (Thermo Fisher Scientific) 

and destained with MilliQ water. The Precision Plus Protein™ all blue prestained protein 

standards (Bio-Rad; catalogue number 1610373) was used as a protein marker. 

The purification procedures eventually yielded 3-5 mg of the monomeric αX I-

domain with approximately 95% purity from a liter of bacterial cell culture. The protein 

concentration was measured by its UV absorbance at 280 nm and using the extinction 

coefficient of 11470 M-1cm-1, which was calculated with the protparam tool 

(https://web.expasy.org/protparam). 
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2.3 Determining protein concentrations by BCA assay 

The protein concentration was also measured by colorimetric detection using the 

bicinchoninic acid (BCA) Pierce™ protein assay kit (Thermo Fisher Scientific™). Bovine 

serum albumin (BSA) was used as the protein standard by using a series of dilution of 

its known concentration. All assays were conducted in the white 96-well polystyrene 

microplates (Pierce™) in triplicate. The assay was carried out in a volume of 25 µL, and 

the sample to working reagent ratio was at 1:8 (vol/vol). The total volume of working 

reagent required was calculated as [Number of standards (9) + Number of unknowns (6) 

] X [Number of replicates (3)) X (volume of working reagents per sample (0.2 mL)] = 9 

mL. To 25 µL of each standard, 200 µL of the working reagent was added and mixed 

thoroughly on a plate shaker for 30 seconds. The microplate was covered and 

 

 
 

Figure 9: Standard linear plot of the BCA assay using 9 different concentrations 
of BSA protein. The equation derived from the linear plot was used for determining 
the concentration of the unknown (αX I-domain) protein samples.  
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incubated at 37 ºC for 30 minutes. The microplate was then cooled to room 

temperature, and the absorbance was measured on a Perkin Elmer Victor X4 plate 

reader at 560 nm. The 560 nm absorbance measurement of the blank standard without 

the protein was subtracted from the individual standards’ measurement. 

For each value of absorbance (y) measured as the absorbance of αX I-domain, 

its correct concentration (x) was determined by using the equation from the linear plot (y 

= 1.306 x + 0.031) (Figure 9 and Table 1). 

 

Table 1: Protein concentration values determined by nanodrop and BCA assay 
 

[αX I-domain] 
by Nanodrop 

(mg /mL) 

Average 
[WT αX I-domain] from  

BCA assay (mg/mL)  

Average 
[SILEN αX I-domain] from 

BCA assay (mg/mL) 

0.5 0.584 0.467 

1.0 0.925 0.899 

1.5 1.285 1.155 

2.0 1.515 1.457 

3.5 2.202 2.210 

 
 

 
Table 2: Molar absorptivity coefficient of the WT αX I-domain determined from 
BCA assay 
 

(WT αX I-domain) 

Average  
observed 

Absorbance 
(a.u) 

Average 
concentration 

(gm/dm3) 

Average 
concentration 

(mol/dm3) 

Calculated Molar 
Absorptivity 

(M-1cm-1) 

1.240 0.925 4.21 x 10-05 29461.750 
1.711 1.285 5.85 x 10-05 29248.154 
2.010 1.515 6.88 x 10-05 29207.438 
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The reported molar absorptivity of the αX I-domain was 11460 M-1cm-1. The 

observed average molar absorptivity of the WT and SILEN αX I-domain were 

determined 29334.227 M-1cm-1 and 29635.343 M-1cm-1, respectively (calculated from 

Table 2 and Table 3). The correction factors were 2.56 and 2.59 for the WT and SILEN 

αX I-domain, respectively. 

2.4 Identification of αX I-domain using mass spectrometry 

It is important to precisely identify the purified protein using other analytical 

methods aside the SDS-PAGE experiment. The region of the SDS-PAGE gel containing 

the αX I-domain was cut carefully and placed in a LoBind Eppendorf tube. The gel piece 

was minced into <1 mm sizes and destained with 500 µL of 100 mM ammonium 

bicarbonate: acetonitrile solution in 3:3 vol/vol ratio at 37 ºC for 30 minutes. After three 

destaining cycles, the obtained colorless gel pieces were dehydrated with 200 µL of 

acetonitrile at room temperature for 10 minutes. The gel pieces were rehydrated using 

100 µL of trypsin (200 ng, Worthington Biochemicals) in freshly prepared 100 mM 

ammonium bicarbonate, pH 7.4, and incubated overnight at 37 ºC. The supernatant 

Table 3: Molar absorptivity coefficient of the SILEN αX I-domain determined from 
BCA assay 
 

(SILEN αX I-domain) 

Average  
observed 

Absorbance 
(a.u) 

Average 
concentration 

(gm/dm3) 

Average 
concentration 

(mol/dm3) 

Calculated Molar 
Absorptivity 

(M-1cm-1) 

0.642 0.467 2.12 x 10-05 30176.810 
1.206 0.899 4.09 x 10-05 29451.418 
1.541 1.155 5.26 x 10-05 29277.793 
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containing peptides from the digested sample was transferred into a new LoBind 

Eppendorf tube. The peptides from the gel pieces were extracted using 100 µL of 1 % 

formic acid: acetonitrile at a 3:1 vol/vol ratio. After three subsequent extractions, the 

pooled sample was lyophilized overnight. The lyophilized sample was resuspended in 

28 µL of 1% formic acid, of which 8 µL was subjected to liquid-chromatography tandem 

mass spectrometry (LC-MS/MS) experimental run. 

LC-MS/MS analysis was performed on a ThermoFinnigan LTQ linear ion trap 

mass spectrometer coupled to an Agilent 1290 Infinity UPLC system. The peptides from 

the resuspended sample were separated on a 60-minute gradient of 20% solvent A 

(water + 0.1% formic acid) to 90% solvent B (methanol + 0.1% formic acid) at a flow 

rate of 40 µL/minute using an in-house-packed C18 reversed-phase column (500 µm X 

6 cm). The capillary temperature was set to 250 ºC, and the electrospray voltage was 

set at 3.78 kV. Data acquisition involved data dependent MS from 400 to 2000 m/z 

(mass/charge) followed by MS/MS on the three highest intensity masses from MS using 

dynamic exclusion. The raw data files were retrieved from XCaliber software and 

converted into the MGF format using the MSConvert utility software for analysis.  

2.5 Probing Mg2+/Mn2+ and Ca2+ and simvastatin affinity using differential 

scanning fluorimetry (DSF) 

A thermal shift assay using a differential scanning fluorimetry (DSF) was used to 

determine the binding affinities of Mg2+, Mn2+, Ca2+, and simvastatin to the αX I-

domains. Stock solution of SYPRO orange (Bio-Rad; catalogue number 170-3120) was 

5000X solution in 100% (vol/vol) DMSO. Before setting up the reaction in the 96-well 

polymerase chain reaction (PCR) plate, a master reaction mix including the αX I-
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domain, 20X SYPRO orange dye and the buffer (20 mM Hepes, 150 mM NaCl, pH 7.5 

in chelex-treated water) was prepared such that each well received 5 µg (11.37 µM) of 

the protein. This dye was added to the reaction mix such that its dilution prevented 

damage from the high concentration of DMSO contacting the protein of interest. 

Different stock concentrations of the cations (Mg2+, Mn2+, and Ca2+) were prepared via 

serial dilution and subsequently added to each well, avoiding air bubbles in the process. 

The total reaction volume per well in the PCR plate was 20 µL by adding 10 µL of the 

master reaction mix and 10 µL of the cation containing buffer. The PCR plate was spun 

down to eliminate any remaining bubbles using Sorvall tabletop centrifuge at 200 x g at 

room temperature for 3 minutes. The prepared PCR plate was set up in the CFX96 

touch real-time PCR (Bio-Rad) using the preset “HEX” channel for fluorescence 

excitation and emission. The fluorescence was measured at regular intervals with the 

temperature gradient of 0.1 ºC per minute over a temperature range spanning from 15 

ºC to 95 ºC, an approximately 16 hours run. After the run, the results were saved on the 

excel spreadsheet and analyzed. The binding profiles were fitted using Prism 7. The 

reaction mixture with the αX I-domain, SYPRO orange, and buffer in the absence of 

cations was the experiment’s positive control. The negative control included a protein 

mixture with the αX I-domain and the buffer without the SYPRO orange dye. Four 

replicates were performed for the data collection. To ensure that the ionic strength did 

not affect the protein’s melting temperature, the thermal unfolding of the αX I-domain 

was monitored at increasing concentrations of NaCl, which always matched the ionic 

strength introduced by MgCl2.  
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2.5.1 SYPRO orange binding event probed by stopped flow fluorescence 

The stopped-flow experiments were conducted on the pneumatically driven Olis 

RSM 1000 fluorescence spectrophotometer. The responses from the dual-channel 

photomultiplier tubes were recorded at specific voltages at 907 V and 420 V. Out of the 

two reservoir syringes, one contained the 20X SYPRO orange, and the other held the 

protein of interest (αX I-domain or lysozyme at a concentration of 22.74 µM) in size 

exclusion buffer (20 mM Hepes, 150 mM NaCl, pH 7.5 prepared in chelex-treated 

water). All buffers used for the experiments were filtered and degassed thoroughly. The 

excitation and emission wavelengths were set at 472 nm and 570 nm, respectively, to 

detect the SYPRO orange fluorescence. 500 µL of the two samples in the ratio of 1:1 

(vol/vol) were injected to rapidly mix in the observation Peltier cell, where the changes in 

fluorescence were measured using 0.12 mm slit and at 1000 scans/second. The 

fluorescence change was observed for 300 seconds for the αX I-domain and 900 

seconds for lysozyme. Subsequently, the experiments using a buffer or DMSO ranging 

from 1% to 10% were used as a negative control for fluorescence detection. Each of 

these solutions was loaded in the first syringe, and 20X SYPRO orange was loaded in 

the second syringe to conduct the stopped-flow experiment at 20 ºC, 40 ºC, and 60 ºC. 

The fluorescence was observed for 500 seconds. The fluorescence of proteins was 

measured at different temperatures in the range of 20 ºC to 70 ºC. The temperature in 

the stopped-flow module set-up  was maintained via the Julabo F-30C water bath . The 

flow firing box connected to the high-pressure gas sources was maintained to achieve 

75 psi of pressure.  
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2.5.2 pH-dependent denaturation of the αX I-domain 

The fluorescence change as a function of temperature was used to deconvolute 

an equilibrium constant of αX I-domain unfolding (Ku) at different pH values. This 

equilibrium constant, in turn, allowed the Gibbs free energy of unfolding to be calculated 

near the protein’s melting point. Subsequently, it was possible to extrapolate and 

estimate the Gibbs free energy of unfolding at any temperature. 

Using the equilibrium constant, we calculated the Gibbs free energy of unfolding 

at standard conditions by implementing the equations and method laid out by Wright 

and his group (115). The DSF fluorescence datafile “melt curve amplification results” 

was used to fit the data using the “Sigmoid” model function (Equation 1.1) and “Midpoint 

Analysis” on the website http://paulsbond.co.uk/jtsa/#/input. Estimates of melting 

temperature (Tm) were obtained as the point of inflection portion of the DSF curve. Fmax 

and Fmin were the maximum and minimum fluorescence values, respectively. T was the 

absolute temperature value at each fluorescence intensity, Tm was the temperature 

midpoint between minimal and maximal fluorescence, “a” was a parameter to 

characterize the breadth of the transition, and c was an asymmetry factor that allowed 

different gradients around the minimum and maximum fluorescence.  

           
    Equation 1.1 

 
 
 
The fraction of the protein that remained folded (Pf) was calculated at each 

temperature using Equation 1.2, which assumed a two-state model for protein 

denaturation. The value of Fmax was the calculated fluorescence intensity of the fully 

Fmax - Fmin  
Fcalc =  	

   (1 + e(Tm - T)a)c 
Fmin + 	
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denatured protein where Pf was zero, and the measured value for Fmin coincided with Pf 

equal to 1.  

          

Equation 1.2 

 

Using the fluorescence intensity at the melting temperature (FTm) and the 

definition that at Tm, 50% of the protein is folded, Fmax was calculated using Equation 

1.3.  

                   Equation 1.3 

 

Assuming that the native protein fraction and unfolded protein fraction equal to 1, 

we achieved Equation 1.4.  

Equation 1.4 

The equilibrium constant of protein unfolding (Ku) was then calculated using the 

relationship in equation 1.5. 

Equation 1.5 
 

The Gibbs free energy of unfolding (ΔuG) was calculated using Equation 1.6, 

where R was the universal gas constant  (8.314 JK-1mol-1), T was the absolute 

temperature value at each fluorescence intensity, and Ku was the equilibrium constant 

of unfolding at temperature T as calculated in Equation 1.5.  

         Equation 1.6 

The ΔuG values calculated via Equation 1.6 were plotted against temperature 

values in the range of 10-50% unfolded protein. Solving for the linear equation of best fit 

Fmax = (FTm - Fmin) + FTm 

             = 2FTm - Fmin 

 

Pu = 1 - Pf 

 

Ku =  Pu 

          

 

 
 Pf 

          

 

 

ΔuG = - RT ln Ku 

 

F - Fmin  Pf =  	
   (Fmax - Fmin) 

1 - 	
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allowed ΔuG, ΔuH, and ΔuS at each temperature to be calculated. The values of the R2 

in our linear plots were at 0.95 or above, which showed that the methodology was valid 

for the protein studied. 

Similarly, the standard Gibbs free energy (ΔuGº) of protein unfolding was 

determined as the value of ΔuG extrapolated back to 298 K using the line of best fit from 

the plot of ΔuG versus temperature.   

Once ΔuGº was determined, the standard entropy of protein unfolding (ΔuSº) was 

determined using Equation 1.7, where T = 298 K.  

         Equation 1.7 

 
The enthalpy of protein unfolding (ΔuHº) was then calculated using the 

relationship shown in Equation 1.8. 

         Equation 1.8 

2.6 Assessing thermal stability of the αX I-domain at different Mg2+ concentrations 

using differential scanning calorimetry (DSC) 

The stability of the αX I-domains was further characterized by measuring the heat 

change associated with the protein’s thermal denaturation. This experiment was carried 

out using the microcalorimeter PEAQ-differential scanning calorimetry (Malvern 

Panalytical) at a constant heat rate. Immediately before the experiment, MgCl2 at 

different concentrations were mixed with 45.5 µM of the αX I-domain and placed on 

autosampler 96 well plate in MicroCal PEAQ-DSC at 4 ºC. The experiment was 

performed at a temperature range from 15 ºC to 70 ºC and a scan rate of 60 ºC per hour 

in the passive feedback mode. A 10-minute pre-scan thermostat mode was considered 

for the baseline equilibration. Data were analyzed using PEAQ-DSC software, which 

ΔuSº = ΔuGº 

 Tm - T 

 

ΔuHº = Tm ΔuSº 
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included buffer subtraction from protein sample scan, baseline subtraction of heat 

capacity difference between baselines of pre-transition and post-transition, and 

concentration normalization. I am thankful to Dr. Muneera Beach at Malvern Panalytical 

for DSC data acquisition. 

2.7 Determination of Mg2+, Mn2+, and Ca2+ affinity to the αX I-domain using 

isothermal calorimetry (ITC) 

The heat change associated with the binding of the αX I-domain to the cations 

(Mg2+, Mn2+, and Ca2+) was determined using isothermal calorimetry. The αX I-domain 

samples were loaded into MicroCalorimeter PEAQ-ITC (Malvern Panalytical) with a cell 

volume of 200 µL. Loading buffer for the αX I-domains was comprised of  20 mM Tris, 

150 mM NaCl, pH 7.5, at concentrations of 100 µM (WT) and 50 µM (SILEN). For the 

WT αX I-domain, titrations with cations - Mg2+ at 7.5 mM, Mn2+ at 4 mM, and Ca2+ at 20 

mM in matching/identical buffer were monitored for 38 injections of 0.5 or 1 µL with 

continuous stirring at 25 ºC. 1 µL of the cations - Mg2+ at 3.7 mM and Mn2+ at 2 mM in 

matching buffer were titrated for 38 injections to the SILEN αX I-domain. The titration 

curve for enthalpy of the reaction (∆H0) (kcal/mol) against the molar ratio of cation to the 

αX I-domain was generated from each injection of cation resulting in an integrated heat 

pulse and concentration normalization. The resulting isotherm was thus utilized to 

generate the cation affinity (KD) by plotting the ∆H0 against the cation concentrations.  

2.8 Probing Mg2+-dependent structural changes of the αX I-domain using circular 

dichroism (CD) 

The circular dichroism spectra were obtained on an Olis DSM 1000 CD built 

around a double grating RSM monochromator and calibrated with 2.4 mM ammonium 
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(+)-10-n-camphorsulfonate, which has a negative peak at 192.5 nm and positive peak at 

290.5 nm. Experiments were conducted at 10 µM concentration of the αX I-domain in a 

1 mm cuvette using 2400 lines/mm grating and slit of 1.24 mm width. The CD 

measurements were carried out in wavelength ranging from 200 nm to 270 nm, followed 

by normalization against the buffer spectra. Each spectrum was an average of four 

scans. The mean residue molar ellipticity was calculated from the observed ellipticities 

according to the following equation: 

[θ] = (θo	x		MRW	)/(10	x	𝑙	x	𝑐) 

where [θ] was the mean residue molar ellipticity in deg. cm2. dmol-1, θo was the 

observed ellipticity in millidegrees, MRw was the mean residue weight of the αX I-

domains (molecular mass / (Number of amino acids -1)), 𝑙 was the path length in 

centimeters, and 𝑐 was the αX I-domain concentration in g/L. The secondary structure 

content was calculated using the CD Pro suite reference set SP37A to compare the 

spectra of the αX I-domain. Three different algorithms, SELCON, CONTIN-LL, and 

CDSSTR, were implemented for the analysis (116). 

2.9 Small angle X-ray scattering (SAXS) 

The SAXS experiments were conducted on the αX I-domain at different 

concentrations of Mg2+.  

2.9.1 Static SAXS 

A large stock volume (~5 L) of the buffer (20 mM Hepes, 150 mM NaCl, pH 7.5 in 

chelex-treated water) was prepared, and the αX I-domain was purified with the identical 

buffer in the last step of purification in size exclusion chromatography (SEC). The SEC 

eluted fractions of the αX I-domain were concentrated and spun down to remove 
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precipitations such that a final αX I-domain stock concentration of 2.5 mg/mL was 

obtained. Another buffer comprising exact buffer constituents but supplemented with 1 

M MgCl2 was prepared. Next, each buffer at different MgCl2 concentrations was 

prepared by serial dilution of the buffer containing 1 M MgCl2. For instance, 250 mL of 

MgCl2 containing buffer was prepared by mixing the SEC buffer (20 mM Hepes, 150 

mM NaCl, pH 7.5 in chelex-treated water) and serially diluted with buffer containing 

MgCl2. Hence, 11 sets of 250 mL buffer were prepared at different MgCl2 concentrations 

(Table 4). 

 Next, 500 µL of the 2.5 mg/mL αX I-domain was placed in a dialysis bag of 10 

kDa molecular mass cut-off (Sigma-Aldrich) and dialyzed in each of the 500 mL buffers 

containing respective MgCl2 concentrations. The dialysis was carried out overnight with 

gentle stirring at 4 ºC. The resulting αX I-domain sample was spun to remove any 

Table 4: Concentration of WT αX I-domain at different MgCl2 concentrations used 
for SAXS experiments 
 

Mg2+ concentrations αX I-domain (WT) 
concentrations (mg/mL) 

0 µM 1.92 

20 µM 2.00 

100 µM 2.02 

250 µM 1.65 

500 µM 1.45 

3 mM 1.51 

10 mM 1.30 

20 mM 2.07 

60 mM 1.76 

100 mM 1.92 

250 mM 1.47 
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precipitation, aliquoted at 70 µL each for three replicates, frozen in liquid nitrogen, and 

stored in -80 ºC. We observed by SEC that freezing of the αX I-domain samples at each 

MgCl2 concentration did not alter the elution profiles compared to samples at 4 ºC. The 

αX I-domain concentrations used for the SAXS analysis at each MgCl2 concentration 

are listed in Table 4.  

The reference buffer for each MgCl2 concentration was the respective buffer in 

which the αX I-domain was dialyzed in. The static SAXS experiments on the prepared 

samples were collected using National Synchrotron Light Source-II (NSLS-II) Beamline 

16-ID (LiX) at Brookhaven National Laboratory. I am thankful to Dr. James Byrnes for 

SAXS-data acquisition. 

2.9.2 Size exclusion chromatography (SEC)-SAXS 

The 22 kDa αX I-domain was purified by following the methods described in 

Section 2.1. A large stock of volume (~7 L) of the buffer (20 mM Hepes, 150 mM NaCl, 

pH 7.5 in chelex-treated water) was prepared, and the αX I-domain was eluted by size 

exclusion chromatography (SEC) in the same buffer. Another buffer comprising the 

exact buffer constituent along with 1 M MgCl2 was prepared. The running buffer at each 

MgCl2 concentration was prepared by serial dilution. For the SEC-SAXS experiment, 

100 µL of 10 mg/mL αX I-domain was injected into the Superdex S200 column for each 

experimental run. The running buffer was the SEC buffer (20 mM Hepes, 150 mM NaCl, 

pH 7.5) containing respective MgCl2 concentrations.  

2.10 Surface plasmon resonance (SPR) assay 

The preparation of C1 sensor chips (Cytiva; product number BR100540) and all 

SPR- based interaction studies were performed on a Biacore X100 instrument (GE 
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Healthcare) at 25 ºC using buffer filtered using 0.22 µm filters. The C1 sensor chip 

consists of a flat carboxylated surface with no dextran binding (117) which alleviated the 

non-specific binding. The pH scouting for each ligand was conducted using 10 mM 

sodium acetate at pH values of 3.5, 4, 4.5, 5, 5.5, and 6. The preconcentration analysis 

for the ligands was conducted at ligand concentrations of 10 µg/mL, 20 µg/mL, 50 

µg/mL, and 100 µg/mL. This C1 sensor chip was activated by injecting 0.4 M of 1-ethyl-

3-(3-dimethylamino) propyl carbodiimide (EDC) (Thermo Fisher Scientific; catalogue 

number 77149) and 0.1 M of N-hydroxy succinimide (NHS) (Thermo Fisher Scientific; 

catalogue number 24500) in 1:1 vol/vol ratio for 400 seconds at 5 µL/minute flow rate. 

Immobilization of each ligand (fibrinogen and iC3b) to each covalently activated C1 

sensor chip was performed using 50 µg/mL ligand concentration in 10 mM sodium 

acetate at pH 4.5. The ligand immobilization achieved sensogram signals of 5500 RU 

and 1500 RU for fibrinogen and iC3b, respectively, through amine coupling at a flow 

rate of 5 µL/minute.  

As a reference, a flow cell was activated using 0.4 M EDC and 0.1 M NHS at a 

1:1 vol/vol ratio. The sensor chip surface was then blocked with ethylenediamine in 

series with the ligand-coupled flow cell activation. SPR affinity analyses to examine the 

interaction of the 10 µM αX I-domains with the ligand-coated or control surface were 

performed in running buffer containing 20 mM Hepes, 150 mM NaCl, pH 7.5 prepared in 

chelex-100 treated water and respective Mg2+ concentration. After each measurement, 

surfaces were regenerated in 100 mM Hepes, 1.5 M NaCl, 150 mM EDTA at pH 7 and 

pH 8 for fibrinogen and iC3b, respectively. The αX I-domain samples were diluted in 

Hepes/Mg2+ buffer for respective Mg2+ concentration and injected in random series of 11 
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concentrations (39 nM - 40 µM) at a flow rate of 10 µL/minute. The time-course of 

binding was observed for 450 seconds, the dissociation process observed for 400 

seconds, followed by regeneration for 230 seconds. 

2.11 SPR BIAevaluation and EVILFIT 

The equilibrium dissociation constant (KD) was calculated by steady-state 

analysis using the Biacore X100 evaluation software- BIAevaluation after subtracting 

the response on the control surface from the signal obtained on the ligand-coated 

surface. The sensograms were preprocessed with baseline adjustment and by setting 

an injection time fixed at a particular value. Data analysis was further conducted with 

the software EVILFIT (118, 119). For a more robust data adjustment, each sensogram 

was correctly aligned for the observed injection start point using the software Scrubber. 

The net binding traces for each experimental SPR run were loaded into the EVILFIT. 

The affinity traces in each data set were globally fit for all concentrations. Next, to obtain 

a 3D contour plot, the data were fit using the Tikhonov regularization algorithm. The 

distributions’ boundaries were uniformly set to koff values in the interval from 10-9 to 100 

sec-1, and KD values in the interval from 10-9 to 100 M. 

2.12 Nuclear magnetic resonance (NMR) 

2.12.1 Heteronuclear single quantum spectroscopy (HSQC)  

The final buffer for the sample was 20 mM sodium phosphate, 150 mM NaCl, 5 

mM MgCl2, 5% D2O, pH 6.5. NMR experiments for 15N-labeled SILEN αX I-domain were 

conducted on Bruker 800 MHz (Bruker Instruments, Inc.) using TCI cryoprobe. The 

starting volume of the NMR sample for the 15N-labeled SILEN αX I-domain was 500 µL. 

For titration of 15N-labeled SILEN αX I-domain with simvastatin, 100 µM SILEN αX I-
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domain was mixed with different volumes of 10 mM hydroxy-acid simvastatin stock 

solution (Insolution™ Simvastatin; Sigma Aldrich catalog number 567022) at 12 

different simvastatin concentrations of 10 µM, 49.8 µM, 147.8 µM, 243.9 µM, 338.2 µM, 

430.6 µM, 521.3 µM, 697.7 µM, 783.4 µM, 867.6 µM, 1.03 mM, and 1.18 mM. At each 

increment in the titrations, a 1H-15N HSQC spectrum was acquired individually. The 

chemical shift changes in the 1H-15N spectrum were measured and normalized to a 

single value using Equation 2.1 in which ΔδH and	ΔδN represent the chemical shift 

changes in the 1H and 15N dimensions, respectively, in ppm. Titrations were analyzed 

assuming that the observed chemical shift perturbation (Δδ) was the weighted average 

between the two extreme values corresponding to the free (Δδ = 0) and simvastatin-

bound states (Δδ = Δδmax) using Equation 2.1. The αX I-domain was predicted to have 

a single binding site for simvastatin following the reaction shown in Equation 2.2, where 

X is the αX I-domain and S is simvastatin. The titration data was fit non-linearly against 

the theoretical 1:1 model of protein-drug equilibrium, as shown in Equation 2.3 to 

calculate the dissociation constant (KD). 

																																																						Δδ = 89ΔδH2 +
<
=>
ΔδN2δ	? 2⁄   Equation 2.1 

																																																						X + S	 ⇄ XS     Equation 2.2 

																																																						KD =
[F][G]
[FG]

	− [X0] − [S0] + [XS]      Equation 2.3 

																																																						Δδ = 	 [FG]	IJ
KLM

[FN]
																																			    Equation 2.4 

Δδ = (ΔδF	(([X0] + [L0] + Kd −	R([X0] + [L0] + Kd)2 − 4[P0][L0])/	2	[P0]	

Equation 2.5 

[X0] and [S0] were the total concentrations of the αX I-domain and simvastatin, 

respectively. [XS] was the steady-state complex concentration at equilibrium. Since the 
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1:1 model has chemical perturbation (Δδ) as shown in Equation 2.5, the final chemical 

perturbation (Δδ) was calculated using Equation 2.5, where (Δδmax) and KD were fit with 

nonlinear regression. All 1H-15N HSQC data were processed using NMRPipe and 

analyzed using Sparky software. The experiments were conducted at the KECK 

Institute for Molecular Design facility at the University of Houston.  

2.12.2 Saturation transfer difference (STD) 

The SILEN αX I-domain was expressed and purified, as described in Section 2.1. 

25 µM of the SILEN αX I-domain at a volume of 500 µL was used for the STD 

experiment. The final buffer for the αX I-domain sample was 20 mM sodium phosphate, 

150 mM NaCl, 10% D2O, 5 mM MgCl2, pH 7.5. 1 mM simvastatin was used for the 

experiments such that for the on-resonance experiment, the concentration of the SILEN 

αX I-domain to simvastatin was at the ratio of 1:40. The on-resonance irradiation of the 

SILEN αX I-domain by selective saturation was performed at the upfield region between 

0.5 to 0.1 ppm. Off-resonance irradiation was applied at 15 ppm, where no protein 

signals were present. 1D STD NMR spectra were multiplied by an exponential line 

broadening function of 1-3 Hz prior to Fourier transformation. The water suppression by 

gradient tailored excitation (WATERGATE) scheme was employed for suppression of 

the residual HDO signal. The experiments were carried out on Bruker 800 MHz (Bruker 

BioSpin GmbH) at the NMR facility at the University of Texas Medical Branch.  
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CHAPTER 3 

ASSOCIATION OF THE αX I-DOMAIN SHAPE-SHIFTING WITH LIGAND 

INTERACTIONS AS A FUNCTION OF CATION BINDING. 

3.1 Introduction 
 

Integrins undergo highly complex conformational alterations (120). Activation of 

integrins involve conformational change of the αI-domain from the closed to an open 

state. This transition regulates integrin affinity (84). In integrin αXβ2, the interaction of 

the αX I-domain with an acidic residue of its ligand requires a divalent cation. 

Physiologically, Mg2+ is present at MIDAS and plays a key role in coupling between 

MIDAS and the αXI-α7 helix. This coupling is the essence of the shape-shifting event of 

the αX I-domain, a process regulating αX I-domain ligand affinity, thus αXβ2 functions 

(79). The fact that the divalent cations modulate the function of integrins differently has 

been a long-standing observation, as Mg2+ uniformly facilitates, Ca2+ generally inhibits 

and Mn2+ universally enhances interactions with their cognate ligands. However, 

understanding on the regulation of the αX I-domain conformation, affinity in account to 

cation binding has been limited. Structural information has been provided through 

several structures of the αI-domains (79, 87, 103, 121), but we used “in-solution” 

techniques to characterize how divalent cations, mostly Mg2+, alter the αX I-domain 

conformation and affinity. 

Surface-expressed leukocyte integrin αI-domains fused to an artificial 

transmembrane helix have shown to undergo conformational change and demonstrated 

that the αI-domain is sufficient for adhesion of the fused complex to its ligand (122, 

123). Therefore, the recombinantly expressed αX I-domain should exhibit typical 
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features of αXβ2 regarding conformational changes and ligand affinity irrespective of 

the rest of the αXβ2 structure. In our studies, we used the WT isolated along with a 

high-affinity SILEN mutant αX I-domain which represent the closed and the open state, 

respectively. The closed conformation is adopted in the absence of ligand binding and is 

known to be stabilized by small molecules that antagonize ligand binding (14, 124). In 

the closed αX I-domain, the side chain of the critical Ile 314 residue in the C-terminal α7 

helix is associated with the hydrophobic pocket of the αX I-domain (also known as 

socket of Isoleucine–SILEN) whereas in the open αX I-domain, the Ile 314 is displaced 

from the hydrophobic pocket. The working model for an open state αX I-domain in our 

studies is designed with the mutation Ile 314 Gly, which disrupts the contact between 

the α7 helix and the αX I-domain body. This Ile 314 Gly-based switch controls αX I-

domain conformation allosterically and represents the endpoint of the high ligand-

binding affinity of the αX I-domain structure (103). The Ile 314 Gly-mutant will be 

referred to as the SILEN αX I-domain in our studies. 

My hypothesis is that there exists a dynamic conformational equilibrium between 

αX I-domain closed and open states even in an absence of a ligand, and addition of 

Mg2+ allows the αX I-domain to advance to a binding-competent state. In my studies 

illustrated in upcoming Section 3.2, we implemented the following techniques for 

biophysical characterization of the WT and SILEN αX I-domain in relation to cation and 

ligand affinity, respectively. We specifically aim to investigate how Mg2+ alters 

conformational dynamics and structural stability of the αX I-domain in solution which in 

turn regulates the ligand affinity. These structural and biophysical characterizations of 



 

48 

 
Figure 10: Representation of ITC experimental curves. (A)  Heat signature of 
ligand and analyte binding resulting from each injection of the ligand. (B) Titration 
curve generated from integration of heat signature with respect to time and fitted to a 
binding model. 

the αX I-domain have the potential to provide an understanding to the overall complex 

functioning of the αXβ2.  

 Isothermal Calorimetry (ITC). ITC measures the heat change upon interaction of 

two substances. Each injection of a cation to the αX I-domain resulted in a heat pulse 

that was integrated with respect to time and normalized to generate a titration-fit curve. 

The titration curve represents the change in enthalpy (∆H) versus the molar ratio of the 

cation to the αX I-domain (Figures 10A, B). The resulting isotherm was fit to a binding 

model to obtain the affinity of each cation to the αX I-domain which is represented by 

dissociation constant (KD) of binding (125).  

Differential Scanning Calorimetry (DSC). DSC relies on a direct assessment of 

the heat energy uptake. The amount of heat radiated or absorbed by the αX I-domain 

was measured on the basis of a temperature difference between the protein sample and 

the reference buffer. Changes in the heat capacity (Cp) occurs from the disruption of 

molecular forces that stabilizes the native structure of the αX I-domain. Moreover, 

integration of the Cp at constant pressure as a function of temperature generated the 
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Figure 11: Illustration of thermal unfolding profile of a protein using DSC. 

change in enthalpy of unfolding (∆H) of the αX I-domain as a result of its heat 

denaturation (126). ∆H is represented by the total integrated zone shown in the 

thermogram peak (Figure 11). The thermogram peak denotes the transition midpoint as 

the melting temperature (Tm) where 50% of the molecules are folded and 50% of the 

molecules are unfolded (Figure 11). The assumptions used for mathematical modelling 

was the reversible two-state denaturation model based on the calculation of van’t Hoff’s 

enthalpy. 

Differential Scanning Fluorimetry (DSF). A DSF thermal melt experiment is used 

to observe protein unfolding with high multiplicity in the presence of ligands. The 

temperature at which proteins unfold was measured by substantial increase in 

fluorescent intensity of a merocyanine dye, SYPRO orange, which has affinity to 

hydrophobic residues (Figure 12) (127). We employed this technique to extract the 

Gibbs free energy of unfolding (ΔuG),  enthalpy of unfolding (ΔuH), and entropy of 

unfolding (ΔuS) from the slope of the unfolding transition curve, in varying Mg2+ 

concentrations, ionic strength, and pH (115).  

keq 
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Figure 12: Schematic representation of thermal shift assay. DSF showing 
increase in fluorescence intensity due to dye binding to the hydrophobic residues of 
unfolded protein upon thermal denaturation. 

Circular Dichroism (CD). CD is a biophysical method for swift assessment of 

protein secondary structural changes during binding and folding-unfolding events. CD is 

defined as the unequal absorption of left-handed and right-handed circularly polarized 

light upon interaction of asymmetric molecules with light (128). The α-helical proteins 

exhibit negative bands at 222 nm and 208 nm with a positive band at 193 nm. Negative 

bands at 218 nm and positive bands at 195 nm are characteristics of well-defined 

antiparallel β-sheets. Disordered proteins display low ellipticity above 210 nm and 

negative bands near 195 nm (Figure 13). With these characteristic secondary structure 

distinctions, CD is used to ascertain if the protein is properly folded in solution. Its 

application can be extended to examine if the protein’s conformation is affected by a 

mutation or additives binding to the protein, given that there is no CD effect (129). 

The validity and the limitations of various empirical methods developed to assess 

protein CD spectra for quantitative estimation of the secondary structure content has 

been controversial due to reasons such as non-peptidic chiral molecules in buffer. To 



 

51 

 

 
Figure 13: Standard CD spectra showing distinct characteristics of the α-helix,  
β -sheet, and random coil.    
Adapted from David M. Rogers et al. (2019). Electronic circular dichroism 
spectroscopy of proteins. Chem., 5 (11), 2751-2774. 

improve the reliability of CD data, the CD spectra were extensively analyzed using three 

methods-SELCON3, CONTIN-LL, and CDSSTR which determined the secondary 

structure content of the αX I-domain. These prediction methods are based on 

comparison of secondary structural content to different reference protein sets with large 

representation of CD spectral features at various wavelengths and structural 

combinations (116). 

Small Angle X-ray Scattering (SAXS). SAXS is a solution technique whereby the 

scattering of X-rays upon interaction with a biomolecule is monitored. The resulting 

scattered pattern provides low-resolution quantitative structural information about the 

size, shape, and structural transitions of the biomolecule via the characteristic 

parameters such as molecular weight, maximum dimension (Dmax), and the radius of 

gyration (Rg). Dmax is the maximum intraparticle distance and Rg is a measurement of 
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Figure 14: Illustration of raw SAXS data and analysis (A) Measurement of 
scattering intensity. B) Guinier plot demonstrating monodispersity of a particle (C) 
pair distance distribution p(r) plot.  
Figure 14C: Adapted from John A. Tainer et al. (2007). X-ray solution scattering 
(SAXS) combined with crystallography and computation: defining accurate 
macromolecular structures, conformations and assemblies in solution. Q Rev 
Biophys., 40 (3), 191-285. 
 
 
 

the overall size of the protein. Rg is the average root-mean-square distanced to the 

center of density in the protein weighted by the scattering length density. The smaller 

the Rg, the more compact the shape of the protein is (130). A reliable SAXS analysis 

requires protein solution without aggregates termed as a monodisperse solution. 

The scattering intensity-I(q) of the αX I-domain measured in the SAXS 

experiment is represented as a function of momentum transfer and is given by: I(q)~I(0) 

exp (-q2Rg2/3). Here, I(0) is the forward scattering intensity defined by Guinier region of 

SAXS (Figure 14A). q is the scattering vector magnitude determined by using q = 

(4π/λ)sinθ in which θ is half the scattering angle and λ the wavelength of the incident 

radiation. The q-range is the range between qmin and qmax defined by the experimental 

set-up that allows us to investigate the density fluctuations in the protein sample. 

Determination of I(q) considers the scattering amplitude which is a Fourier transform of 

the excess electron density: the difference between the electron density of the αX I-

domain and the solvent (131).  
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The Guinier approximation of the plot of I(q) versus q transforms the Guinier 

region into a characteristic line for visual inspection of data for Guinier analysis. In this 

plot, the low-q region of the scattering curve is characteristic for the overall dimension of 

the particle (Figure 14A). The Guinier plot of ln[I(q)] versus q2 is a linear function for a 

particle of any shape (Figure 14B). The slope of the Guinier plot is used for determining 

the Rg and the intercept provides the forward scattering I(0), which is proportional to the 

molecular weight and the concentration of the protein. Any deviation from the straight 

line or a lack of linearity in the Guinier plot indicates a lack of monodispersity or 

intermolecular interactions (131). 

 One of the representations of conformational change of the αX I-domain in our 

studies uses the pair-distribution p(r) function, which is a histogram of distances 

between pairs of points within the particle (Figure 14C). A Fourier transform of the p(r) 

function provides the scattering pattern of the particle. The p(r) is analyzed for 

interpreting the structural properties. The αX I-domain, being a globular protein, exhibits 

a symmetric bell-shaped p(r) (132).  

Additionally, SAXS data can be used to obtain information on overall protein 

flexibility. The momentum transfer which is the modulus of the scattering vector is 

denoted by s=4π (sinθ)/λ. Typically, the Kratky plot s2I(s) as a function of s is applied to 

monitor degree of compactness and qualitatively distinguish globular protein from 

disordered state. The Kratky representation essentially allows visualization of particle 

features of the scattering profiles for an identification of the folding state and flexibility. 

For comparison of folding states of proteins, the data is normalized at I(0)=1 and with 

multiple of s and Rg before plotting the information about the shape of the protein. 
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Figure 15: Representation of the dimensionless Kratky plot. Plot exhibiting bell-
shaped curve for globular protein and showing a plateau instead of a peak for an 
unfolded protein. 
Adapted from John A. Tainer et al. (2007). X-ray solution scattering (SAXS) 
combined with crystallography and computation: defining accurate macromolecular 
structures, conformations and assemblies in solution. Q Rev Biophys., 40 (3), 191-
285. 
 

However, in this case, the information on the size of the protein is dismissed (132). This 

resulting Kratky plot of normalized data is termed as a dimensionless Kratky plot (Figure 

15). 

Surface Plasmon Resonance (SPR).  SPR uses optical methods to provide 

response by measuring change in the refractive index upon binding of an analyte (the 

αX I-domain) to the ligand covalently coupled on a sensor chip (Figure 16A). In 

principle, the affinity constant is measured by the equilibrium binding analysis (133). 

However, the SPR analysis uses an affinity constant which is simply the ratio of 

equilibrium of product and reactant concentrations and does not take into account the 

structural heterogeneity of the protein in binding to its ligand or any ligand heterogeneity 

on the SPR chip surface. Therefore, we implemented the EVILFIT algorithm for fitting 

the experimental data which integrates analysis with models allowing for heterogeneity 
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  A.                                                                            B. 

 
Figure 16: Analysis of SPR data. (A) SPR sensograms showing association and 
dissociation profile of an analyte to the immobilized ligand and (B) SPR binding data 
analyzed using Evilfit algorithm demonstrating calculated KD-koff distributions as a 
contour plot with the color temperature interpolated from the protein sample 
population.  
  

of binding affinity. To numerically stabilize the results against noise amplification, 

Tikhonov-Phillips or maximum entropy regularization is implemented in the EVILFIT 

data analysis (134). 

Instead of the canonical step for characterization of αX I-domain-ligand 

interaction by a single pair of association (KA) and dissociation (KD) (Figure 16A), the 

EVILFIT algorithm yields a two-dimensional distribution of these constants (Figure 16B). 

For better representation in terms of affinity, the resulting data plot is shown as 

distribution of koff and the equilibrium constant (KD) in a 3D-dimensional coordinate 

system. The x and y axes represent the equilibrium constant-KD (in M) and dissociation 

constant koff (in sec-1), respectively, and, a z coordinate depicts the abundance of 1:1 

interactions defined by each pair of KD and koff (118). Therefore, examining the cation-

dependent binding of the αX I-domain to its ligand using the EVILFIT algorithm offers an 

advantage by including the intrinsic structural heterogeneity of the αX I-domain.  
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3.2 Results 

3.2.1 Purification of the WT and SILEN mutant αX I-domain. 

The 47 kDa GST-fused αX I-domain was observed in the SDS-PAGE gel  (Figure 

17A). The cleavage of the GST-fused αX I-domain by hexameric histidine-fused human 

rhinovirus 3C protease resulted in the 22 kDa αX I-domain (Figure 17B). A final step of 

size exclusion chromatography (SEC) demonstrated that the αX I-domain was largely 

monomeric (Figure 17C). The identity of the protein was determined using MS-MS 

fragmentation using an LTQ linear ion trap mass spectrometer and verified by the 

detection of the unique peptide of the αX I-α7 helix within an error limit of ± 0.4 Da 

(Figure 18).  
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Figure 17: Monomeric 22 kDa αX I-domain obtained by affinity and size 
exclusion purification methods. (A) Affinity purification of the 47 kDa GST-
fused αX I-domain was analyzed by SDS-PAGE (lane 1-8). (B) Digestion of GST-
fused αX I-domain by hexameric histidine-fused human rhinovirus 3C protease 
revealed cleaved 22 kDa αX I-domain (lane 5-10). Controls samples of 
undigested GST-fused αX I-domain, 25 kDa GST protein, 23 kDa 3C protease, 
and protein mixture solution after digestion are shown in (lane 1-4), respectively. 
3C protease elution (lane 11,12) and cleaved GST protein elution (lane 13,14) 
were separated by HisTrap column and GST column, respectively. (C) After 
removal of GST protein, Superdex75 size exclusion profile and subsequent SDS-
PAGE demonstrated monomeric αX I-domain of 22 kDa (lane 1-10). The 
molecular weights of bands were compared with standard proteins (lane M). 
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Figure 18: Identification of the αX I-domain using LC-MS/MS on linear ion trap 
mass spectrometry. The MS/MS product ions of the peptide 
(VEDFDALKDIQNQNK) of the αX I-α7 helix within an error limit of ± 0.4 Da was 
obtained upon MS-MS fragmentation of the αX I-domain using LTQ linear ion trap 
mass spectrometer.  

3.2.2 Measuring cation affinities to the WT and SILEN αX I-domain. 

The αX I-domain is an allosteric domain that binds to an extracellular ligand 

through the coordinated Mg2+ ion. Thus, the αX I-domain binds to Mg2+ and other 

cations. To examine if the cation affinity to MIDAS is affected by MIDAS reorganization, 

we determined the affinities of the WT and SILEN αX I-domain to three divalent cations, 

Mg2+, Mn2+, and Ca2+ by using isothermal calorimetry (ITC). In our ITC experiments, 

these metals were titrated to 10 µM αX I-domain. The SEC buffer was titrated to itself to 

serve as a negative control. Additionally, the metals were titrated to the buffer to ensure 

that these titrations did not result in significant changes in enthalpy. 

The enthalpies of cation binding to the αX I-domain, which are predominantly 

driven by ionic interactions in calorimetric measurements, were utilized to determine the 

metal affinities. For the WT αX I-domain, 7.5 mM Mg2+, 4 mM Mn2+, and 20 mM Ca2+ 

were used for titration. The metal affinities to the WT αX I-domain were determined with 
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A.                               B.                                          C. 

 
Figure 19: Affinities of divalent cations to the WT and SILEN αX I-domain were 
determined using isothermal calorimetry. The plots represent the change in the 
enthalpy upon (A) Mg2+ (B) Mn2+ (C) Ca2+-binding to the WT αX I-domain (red line) 
and the SILEN αX I-domain (green line). Binding of Ca2+ to the SILEN αX I-domain 
was not observed.  

dissociations constants of 74 ± 3 µM, 154 ± 11 µM, and 480 ± 33 µM for Mn2+, Mg2+, 

and Ca2+, respectively (Figure 19). For the SILEN αX I-domain, 3.7 mM Mg2+, 2 mM 

Mn2+, and 20 mM Ca2+ were used for titration. The metal affinities to the SILEN mutant 

αX I-domain were determined to be in the same range as the dissociation constants of 

69 ± 1 µM for Mn2+ and 82 ± 9 µM for Mg2+ (Figure 19). However, titration of Ca2+ to the 

SILEN aX I-domain did not show change in heat capacity, and Ca+2 affinity to WT aX I-

domain was 480 ± 33 µM (Figure 19C). The SILEN αX I-domain exhibited 2-fold higher 

affinity to Mg2+ than the WT αX I-domain. Given that the SILEN mutation is located in 

the allosteric αI-α7 helix, this two-fold affinity change suggests that the MIDAS re-

coordination by Mg2+ may be linked to this helix. Since ΔH range of binding for each 

cation to the αX I-domain differed, the y-axis in each ITC measurement is different for 

providing better clarity in data presentation (Figure 19). 

Furthermore, ITC was advantageous for determining thermodynamic parameters 

of cation-binding to the αX I-domain. The Gibbs free energy (ΔG), enthalpy (ΔH), and 

entropy (ΔS) change are listed in Table 5. Based on the ΔG of binding, we distinctly 
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Table 5: Values of thermodynamics parameters—Gibbs free energy (ΔG), 
enthalpy (ΔH), entropy (ΔS) of divalent cation affinity to the WT and the SILEN 
αX I-domain 
 

αX I-domain 
 

ΔG 
(kcal/mol) 

ΔH 
(kcal/mol) 

-TΔS 
(kcal/mol) 

WT Mg2+ -5.17 -3.03 -2.14 

Mn2+ -6.17 -2.83 -3.34 

Ca2+ -4.15 -0.99 -3.16 
     

SILEN Mg2+ -4.84 -5.90 1.05 

Mn2+ -5.64 -8.36 2.72 

Ca2+ N/A N/A N/A 

 

observed that the affinity of the αX I-domain was highest for Mn2+ followed by Mg2+ then 

Ca2+.  

However, interestingly, we observed a significant difference in the resulting 

binding entropies from metal titration to the WT and SILEN αX I-domain, respectively 

(Figures 20A, B). The entropic contribution favored the cation-WT αX I-domain affinity, 

but negatively contributed to the cation-SILEN αX I-domain binding. This entropic gain 

in the WT αX I-domain potentially originated from the desolvation effect involved during 

the MIDAS re-organization. The lower entropy observed in the SILEN αX I-domain 

versus the WT αX I-domain reflects that the SILEN αX I-domain exists in a higher extent 

of disorder compared to the WT αX I-domain. The cation binding to the SILEN αX I-

domain potentially endows more order in its structure, thereby showing negative 

conformational entropy. The change in enthalpy was directly related to interaction of 

cation with electrostatically charged MIDAS residues whereas the change in entropy 



 

61 

was linked to disruption of hydrophobic interactions or water displacement or both 

during Mg2+-induced αX I-domain conformational changes. Moreover, competition 

binding assay using two different cations’ binding to the αX I-domain would provide 

more reliable insight on the metal-affinity determination.  

 

 

A.                                                      B. 

 
 
Figure 20: Thermodynamics of divalent cation affinity between the WT and 
SILEN αX I-domain show significant difference in the change in entropy. The 
change in the thermodynamic parameters—Gibbs free energy (ΔG), enthalpy (ΔH), 
entropy (ΔS) upon cation binding to the αX I-domain shows that the affinity of 
Mn2+>Mg2+>Ca2+ for (A) the WT αX I-domain and Mn2+>Mg2+ for (B) the SILEN αX I-
domain.  
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3.2.3 Mg2+-binding induced the secondary structure changes. 

To examine if the differences in entropic contribution of the Mg2+ interaction with 

the WT and SILEN αX I-domain could be partially attributed to the change in secondary 

structures, we investigated the Mg2+-induced conformational changes of the αX I-

domain using circular dichroism (CD). The secondary structure content averaged of 

three scans for the WT and SILEN αX I-domain at different Mg2+ concentrations was 

evaluated by detecting excitation of the backbone amide chromophore (Figures 21A, B).  

The experimental far UV CD spectra showed negative bands at 208 nm and 222 

nm which is distinctive of well-defined α-helices, and revealed that the protein remained 

properly folded in solution (Figures 21A, B). The spectra detected α-helices as the 

dominant secondary structure. Three negative controls for CD data acquisitions used 

were water, buffer, and air to ensure that non-peptidic chromophores did not show 

significant CD signals and contribute to the αX I-domain CD spectra (Figure 21C). In the 

CD spectra acquired, the helical ellipticity of the WT αX I-domain was higher than that of 

the SILEN αX I-domain, and we predict this difference is potentially due to the αI-α7 

helix of the SILEN αX I-domain sampling in multiple flexible states. 
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Figure 21: Probing the change in the secondary structure of the αX I-domain by 
Mg2+ titration using circular dichroism. Circular dichroism spectra of the 10 µM of 
the  (A) WT αX I-domain and (B) SILEN αX I-domain upon Mg2+-binding at the range 
of 1 µM-250 mM. The WT αX I-domain exhibited higher ellipticity compared to the 
SILEN αX I-domain. (C) The three negative controls for CD signals—water, buffer, 
and air show that non-peptidic chromophores did not impact the αX I-domain data 
acquisitions. Each CD spectra represents an average of three scans. 
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We further quantified the change in the secondary structure content using three 

independent flexible basis methods, SELCON3, CONTIN-LL, and CDSSTR. These 

methods implicitly assume the effects of distortions of distance, torsions and end effects 

using variable weighting of the reference protein sets (116). With an increasing ratio of 

Mg2+ to the WT αX I-domain, the relative helical content was either reduced in two or 

unchanged in one flexible basis methods, suggesting that the entropy-increase that we 

observed in isothermal calorimetric titrations, partially if not fully, could be a result of the 

partial loss in secondary structure content of the ensemble-averaged solution states 

(Figures 22A-C). In case of the SILEN αX I-domain, the effect of increasing 

concentration of Mg2+ on the ensemble-averaged secondary structure appeared to be 

biphasic — increasing until 1 mM and then reducing. Our results showed that the 

secondary structure content of the WT αX I-domain was altered upon Mg2+-binding even 

though the cation binding site does not comprise secondary structures in its immediate 

vicinity. Since the pattern of change in the helical content of the WT αX I-domain during 

Mg2+ titration differed than that of the SILEN αX I-domain, it can be inferred that this 

Mg2+ binding event potentially establishes crosstalk with allosteric regions of the αX I-

domain, especially the αX I-α7 helix. 

 

Figure 22:The change in percentage of secondary structure content quantified 
by using the CD pro analysis suite indicates conformational change of the αX I-
domain upon Mg2+-binding. The α-helix content is represented by red dots for the 
WT αX I-domain and green dots for the SILEN αX I-domain at each Mg2+ 
concentration using the analysis programs (A) Selcon3, (B) CONTIN-LL, and (C) 
CDSSTR algorithms with the SP43 protein database as reference. In all three 
methods, the helical content of the SILEN αX I-domain is shown to increase until 1 
mM Mg2+ and gradually reduce afterwards. A gradual decrease in the helical 
content of the WT αX I-domain is exhibited in the Selcon3 and CONTIN-LL 
methods. 
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3.2.4 Mg2+-binding alters the stability of the αX I-domain. 

Due to the CD data analysis indicating Mg2+-dependent conformational change in 

the αX I-domain, we also wanted to determine if its stability was affected by Mg2+-

binding. Upon assessing the stability of the WT and SILEN αX I-domain at different 

temperatures using DSC, we observed the heat change associated with their thermal 

denaturation at different concentrations of Mg2+. The WT αX I-domain appeared to 

exhibit single unfolding transition demonstrated by the melting temperature (Tm) at 53 

oC in the cation-less condition (Figure 23A). However, a second transition at the lower 

temperature might be present, yet such a conclusion from the DSC unfolding curves is 

not reliable. Moreover, two distinct transition midpoints were observed for the cation-

less SILEN αX I-domain which were indicated by its Tm at 40 oC and 53 oC (Figure 23B). 

The WT αX I-domain was thermodynamically more stable than the SILEN αX I-domain 

which was revealed by the difference between their melting temperatures (ΔTm) of 13 

oC and difference in enthalpy change (ΔΔHunfolding) of 135.48 kcal/mol (Figure 23 and 

Table 6).  

With increasing Mg2+ concentrations, the Tm of the WT αX I-domain noticeably 

shifted by 10 oC increasing from 53 oC to 63 oC (Figure 23A). The SILEN αX I-domain 

also exhibited a similar increase in Tm of the first transition peak by 9 oC from 40 oC to 

49 oC (Figure 23B). Notably, the second transition midpoint of the SILEN αX I-domain 

gradually disappeared with increasing Mg2+ concentration even though its Tm did not 

shift. For the αX I-domain, it is likely that the two conformational states/domains could 

be existing in solution at three different rates of equilibrium: fast, intermediate, and slow 

exchange. In case of the SILEN αX I-domain, it is tempting to speculate that the slow 
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exchange rate of equilibrium occur between the two distinct transitions and that the 

equilibrium is driven towards the first transition state. 

 
Figure 23: Mg2+-binding increases the stability of the WT and SILEN αX I-domain. 
The differential scanning calorimeter (DSC) measurements showed that (A) the WT 
αX I-domain exhibited a single transition with the melting temperature increasing from 
53 oC to 63 oC and (B) the SILEN αX I-domain exhibited two transition midpoints with 
the melting temperature at first transition midpoints increasing from 40 oC to 53 oC. 
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Table 6: The values for change in enthalpy (ΔH) of the  WT and SILEN αX I-
domain upon binding of different concentrations of Mg2+ determined by 
differential scanning calorimeter (DSC) 
  

ΔuH (kcal/mol) 

Mg2+ 
concentration 

αX I-domain  
(WT) 

αX I-domain 
(SILEN) 

0 µM 187.70 52.22 

10 µM 190.47 53.81 

100 µM 182.55 N/A 

500 µM 200.77 N/A 

1 mM 216.21 56.60 

3 mM 234.83 N/A 

7 mM 222.15 N/A 

10 mM 315.61 86.50 

50 mM 311.25 N/A 

100 mM 252.65 70.96 
 

For both the WT and SILEN αX I-domain, a gradual increase in the ΔuH° was 

observed upon increase in the Mg2+ concentration (Table 6). Taken together, these data 

showed that the increasing Mg2+ concentrations elevated the thermal stability of both 

conformations, suggesting potential structural differences that are incurred in the αX I-

domain upon Mg2+-binding.  

Multiplicity in DSC requires an ample amount of instrument time. Thus, we used 

another ortholog method to DSC, differential scanning fluorimetry (DSF), which has high 

multiplicity and can quantitatively assess the thermal unfolding event of proteins in a 

single experiment with a limited amount of protein. With increase in the Mg2+ 

concentration, the melting temperature of the WT and SILEN αX I-domain elevated from 
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45.9 oC to 57.4 oC and from 36.0 oC to 43.2 oC, respectively (Figures 24A, B). 

Implementing the Mg2+-affinity to the αX I-domain obtained by the aforementioned ITC 

measurements, we plotted the αX I-domain transition midpoints at varying Mg2+ 

concentrations defined as multiples of equilibrium dissociation constant (KD) values. We 

observed that the Tm did not change significantly for the WT αX I-domain or was slightly 

reduced in the case of the SILEN αX I-domain at Mg2+ concentrations below 1X KD. A 

gradual increase in the Tm was observed as the MIDAS was increasingly occupied by 

Mg2+, which resulted in approximately 90% occupancy at 10X KD. However, above 10X 

KD, both the WT and SILEN αX I-domain initially demonstrated a steep increase in the 

Tm, which eventually plateaued after reaching saturation (Figures 24A, B). 

To validate that the Hofmeister or lyotropic effect via increasing ionic strength did 

not contribute to the increase in the Tm of the αX I-domain, we tested the αX I-domain 

thermal unfolding at increasing concentrations of sodium chloride. In this case, the Tm of 

the αX I-domain remained consistent which confirmed that the change in the solution 

ionic strength did not alter the thermal stability of the αX I-domain (Figure 24C). Taken 

together, our results suggested that the alteration of conformational stability during the 

thermal unfolding of the αX I-domain resulted from the Mg2+-binding.  

When the Mg2+-induced structural alteration was modelled, differential changes 

in the melting profiles of the Mg2+-binding to the WT and SILEN αX I-domain, 

respectively, were better represented via bi-phasic transition model. The bi-phasic (red-

line) and mono-phasic fit (blue-line) binding profiles for the WT and SILEN αX I-domain 

were compared using F-tests which signified bi-phasic transition with P-values of 

<0.0001 (Figures 24A, B). The two-state or multiple-states transition was especially 



 

70 

apparent for the SILEN αX I-domain. Interestingly, this result aligned well with similar bi-

mosaic CD and DSC transition profiles observed for the SILEN αX I-domain. 

 We further assessed the Mn2+- and Ca2+-dependent αX I-domain thermal 

unfolding event using DSF. In this case, buffer for the αX I-domain was consistent with 

the buffer used for the ITC sample preparations (20 mM Tris 150 mM NaCl, pH 7.5 

prepared in chelex-treated water). With an increase in the Mn2+ concentration from 0-50 

mM, the melting temperature of the WT and SILEN αX I-domain increased from 39.4 oC 

to 49.7 oC and from 40.5 oC to 50.1 oC, respectively (Figures 25A, B). Next, at 

 
A.                                                            B. 

 
     
         C. 

 
Figure 24: Mg2+-binding increases the stability of the αX I-domain and is 
associated to the structural alteration of the αX I-domain after MIDAS 
saturation. Increase in the melting temperature (Tm) of (A) the WT αX I-domain from 
45.9 oC to 57.4 oC and (B) the SILEN αX I-domain from 36.0 oC to 43.2 oC at 
increasing Mg2+ concentrations ranging from 0-250 mM. (C) The Tm of the αX I-
domain did not change with an increasing concentration of sodium chloride. The bi-
phasic and mono-phasic binding profiles are fitted using Prism7, and represented by 
the red and the blue line, respectively. 
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increasing Ca2+ concentrations ranging from 0-250 mM, we observed an increase in the 

Tm of the WT αX I-domain from 40.3 oC to 44.7 oC and the SILEN αX I-domain from 

38.9 oC to 42.5 oC (Figures 25C, D). 

For the Mn2+ or Ca2+ concentrations below 74 µM and 480 µM, respectively, or 

1X KD concentration, we observed that the Tm did not change drastically for the WT or 

the SILEN αX I-domain. Similar to the pattern observed for Mg2+-interaction to the αX I-

domain in the aforementioned DSF analysis, a gradual increase in the Tm was observed 

as the MIDAS was increasingly occupied by Mn2+ or Ca2+, respectively. This Tm 

increase was associated with approximately 90% occupancy corresponding to roughly 

10X KD concentration. Mn2+ or Ca2+ concentration above 10X KD concentration for both 

the WT and SILEN αX I-domain initially demonstrated an increase in the Tm with ΔTm of 

approximately 8 oC and 4 oC, respectively, which ultimately plateaued (Figures 25A-D). 

The Mn2+-interaction with the αX I-domain displayed a better fit for bi-phasic transition 

(red-line) compared to mono-phasic fit (blue line) with the P-values of <0.0001 in the F-

test (Figures 25A, B). Binding fits and fit comparison were performed using Prism7. 

Similarly, Ca2+-interaction with the WT αX I-domain also displayed a bi-phasic 

transition (Figure 25C). However, a mono-phasic binding profile was observed for the 

Ca2+-SILEN αX I-domain interaction (Figure 25D). Compared to the ITC titration 

analysis in which we did not observe binding of Ca2+ to the SILEN αX I-domain, the 

mono-phasic transition was observed in the DSF analysis.  
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Our DSF studies on the thermal unfolding of the αX I-domain in presence of the 

cations-Mg2+, Mn2+, and Ca2+, respectively, suggested that the conformational stability 

of the αX I-domain is altered as a result of divalent cation binding.  

A.                                                              B. 

 
      
 

C.                                                             D. 

 
 
Figure 25: Alteration of conformational stability demonstrated upon MIDAS 
saturation by Mn2+- and Ca2+- binding, respectively, to the αX I-domain. 
Increase in the melting temperature (Tm) of (A) the WT αX I-domain from 39.4 oC to 
49.7 oC, (B) the SILEN αX I-domain from 40.5 oC to 50.1 oC at increasing Mn2+ 
concentrations ranging from 0-50 mM. The Tm increase of (C) the WT αX I-domain 
from 40.3 oC to 44.7 oC and (D) the SILEN αX I-domain from 38.9 oC to 42.5 oC at 
increasing Ca2+ concentrations ranging from 0-250 mM. The red and blue line 
represent the bi-phasic and mono-phasic binding profiles, respectively which were 
fitted using Prism7. 
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The Tm values of the cation-less αX I-domain obtained by DSC was found to be 

higher than that via DSF by 7 oC and 4 oC for the WT and the SILEN αX I-domain, 

respectively. These differences could be attributed to the difference in the approaches 

of Tm measurement between the two methods. DSC provided a measurement of direct 

assessment of the heat energy uptake upon cation binding to the αX I-domain. 

However, DSF relies on a fluorescence-based measurement in which the activity of 

dye-binding is solely dependent on the exposure of hydrophobic residues of the αX I-

domain. As temperature increases, hydrophobic residues are exposed upon protein 

denaturation and bound to dye, which then result in increase in fluorescence. Also, the 

dye-binding event could, negatively or positively, contribute some energetics to the 

protein unfolding event as previously reported for 8-anilinonaphthalene-1-sulfonic acid 

(ANS) or SYPRO orange dyes (135), which may alter the Tm. In addition, the difference 

in the scan rates between the two techniques was a significant variable which could be 

accounted for the discrepancy in the Tm values. Nonetheless, in both DSC and DSF, the 

ΔTm induced upon the αX I-domain unfolding during Mg2+-titration is similar and 

consistent (~10 oC) for both experimental setups. 

To monitor the time required for equilibrium of SYPRO orange binding to the αX 

I-domain in each step and to ensure that the binding equilibrium is reached, we 

conducted a stopped-flow analysis. The resulting fluorescence spectra demonstrated a 

binding saturation within 2 seconds at all the temperatures ranging from 30 oC to 60 oC 

(Figure 26A).  
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For comparison, we also measured the binding of SYPRO orange to lysozyme 

which demonstrated a relatively slower binding saturation at approximately 400 seconds 

within temperatures ranging from 30 oC to 70 oC (Figure 26B). As a negative control for 

fluorescence detection, addition of SYPRO orange to the buffer in which the proteins 

were solubilized in did not show significant change in fluorescence (Figure 26C). Our 

results ensured that binding of SYPRO orange to the αX I-domain occurred in less than 

 
Figure 26: The SYPRO orange dye binding equilibrium was monitored by the 
measurement of fluorescence intensity at different temperatures using 
stopped-flow analysis. SYPRO orange binding to (A) the WT αX I-domain was 
expeditious compared to (B) lysozyme which reached saturation at 
approximately 400 seconds. (C) Buffer (20 mM Hepes, 150 mM NaCl, pH 7.5)  did 
not demonstrate any fluorescence increase. The excitation and emission 
wavelength selected for measurement were 505 nm and 575 nm, respectively.  
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3 seconds, and we used a 1-minute delay in each step of DSF. Thus, the DSF 

measurements of the αX I-domain Tm used in our experimental setup were reliable. 

3.2.5 pH-dependent αX I-domain unfolding in the absence and presence of Mg2+. 

As illustrated in Section 1.4.4.1, the octahedral Mg2+-coordination at the αX I-

domain MIDAS is mediated by polar contacts with two important aspartate residues, 

Asp 138 and Asp 240. The Asp 138 belongs to the conserved DXSXS sequence and 

involves in an invariant water-mediated Mg2+-coordination. In the closed state αX I-

domain, the Asp 240 directly interacts with Mg2+. These aspartate-mediated contacts 

are buried in the extremely hydrophobic microenvironment at the MIDAS motif (78, 79). 

The change in energetics of the ionization of the titratable acidic residues results from 

an adaptation by the hydrophobic core to ensure that the local environment is 

maintained at a neutral pH (136). Therefore, we wanted to assess if the variation of the 

protonation state of the cation-less and cation-occupied αX I-domain at pH range 3—11 

could be observed in respect to the αX I-domain stability. 

We wanted to apply DSF to examine how the melting temperature and 

thermodynamics of the WT and SILEN αX I-domain unfolding upon Mg2+-binding, 

respectively, were affected by the change in pH values. Therefore, by implementing the 

equations illustrated in Section 2.5.2, we first calculated the ΔuG values and plotted 

them against the temperature values in the range of 50-90% folded αX I-domain at each 

experimental condition. The ΔuGº, ΔuHº, and ΔuSº at 298 K was then determined, as 

described in detail in Section 2.5.2 by solving for the linear equation of best fit from the 

plot of ΔuG versus temperature at each condition. 
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The thermal denaturation of the WT αX I-domain in a pH range demonstrated a 

similar Tm trend for both Mg2+-less and 1 mM Mg2+ conditions (Figure 27A). However, in 

these two conditions, a differing trend appeared when comparing their unfolding 

thermodynamics parameters. The Gibbs free energy of unfolding (ΔuGº) of the WT αX I-

 
Figure 27: DSF analysis showing difference in the melting temperatures and 
thermodynamics of Mg2+-bound and Mg2+-less WT αX I-domain unfolding. (A) 
The Tm of the WT αX I-domain in Mg2+-bound or Mg2+-less conditions did not show 
any significant difference throughout the pH range of 3—11. (B-D) Differences in the 
thermodynamics parameters between Mg2+-bound or Mg2+-less WT αX I-domain 
were specifically observed at the pH range of 3—6. Black line and red line represent 
Mg2+-less and 1 mM Mg2+ conditions of the WT αX I-domain unfolding, respectively.  
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domain containing 1 mM Mg2+ swiftly reached 10.5 kcal/mol at pH of 3.5 (Figure 27B). 

In contrast, for the cation-less WT αX I-domain, the recovery of ΔuGº above 10 kcal/mol 

occurred only after pH of 6. The -TΔuSº and ΔuHº also followed a similar trend (Figures 

27C, D). 

Despite exhibiting similar Tm for αX I-domain unfolding at both cation-less and 1 

mM Mg2+ conditions at each pH (Figure 27A), their ΔuGº differed at the pH range of 3 to 

6. Typically, the pKa of aspartate residue is at the value of 3.65. Therefore, at pH values 

higher than 3.65, the aspartate residue is further deprotonated. In our unfolding studies 

on the WT αX I-domain at 1 mM Mg2+ condition, as the pH moves above 3, the ΔuGº 

significantly increased to 10 kcal/mol. In case of cation-less condition, despite the 

absence of Mg2+, the stability of the WT αX I-domain reach to similar ΔuGº of 10 

kcal/mol after pH reached to 6. This pH-dependent unfolding experiment suggested that 

the protonation/deprotonation switch of MIDAS aspartates could be important in 

stabilizing the αX I-domain in solution. It is tempting to speculate that Mg2+ might 

establish some long-range molecular interactions, which probably serve in stabilizing 

the hydrophobic core of the WT αX I-domain and could not be established below this 

pKa of MIDAS aspartate or in the absence of Mg2+. Based on these results, I predicted 

that the MIDAS-aspartates could potentially achieve ionization states different than the 

typical pKa. 

For further investigation, we determined if the residues, Asp 138 and Asp 240 

demonstrated any change in the pKa between the WT (closed state) and the SILEN 

(open state) αX I-domain using constant-pH MD simulation (performed by Zahra 

Mazhar, Briggs Lab). The pKa of Asp 138 remarkably increased by more than 3 pH units 
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from 2.2 to 5.4 when moving from the closed to open state in Mg2+-bound condition. In 

contrast, the pKa of Asp 240 exhibited an opposing trend with reduction by 1.33 pH units 

from 3.9 to 2.6 (Table 7). These observations suggested that the change in the 

protonation states of Asp 138 and Asp 240 play a central role in regulating the αX I-

domain conformational change between the closed and the open state.  

In comparison to the pKa of Mg2+-bound closed state (2.2 for Asp 138 and 3.9 for 

Asp 240), the Mg2+-less closed state showed an intermediate pKa value of 3.8 for Asp 

138 and higher pKa value of 5.9 for Asp 240 (Table 7). The decrease in the pKa values 

of both aspartates in the Mg2+-bound state (2.2 for Asp 138 and 3.9 for Asp 240) 

compared to the Mg2+-free state (3.8 for Asp 138 and 5.9 for Asp 240) indicated that 

these aspartates are both deprotonated and endow stronger ionic interaction with the 

bound Mg2+.  

This result validated the increase in the ΔuG to 10.5 kcal/mol at pH of 3.5 upon 

Mg2+ addition, thereby increasing the stability of the WT αX I-domain (Figure 28B). 

Therefore, these uncharacteristically regulated changes in the pKa values of Asp 138 

and Asp 240 support the aforementioned differences in the αX I-domain unfolding 

observed in the absence and presence of Mg2+ in the pH range of 3 to 6. 

Table 7: The pKa values for the aspartate residues at MIDAS determined by 
using constant-pH MD simulation 
  

Mg2+-bound 
closed state 
αX I-domain 
(PDB: 5ES4) 

Mg2+-less 
closed state 
αX I-domain 
(PDB: 1N3Y) 

Mg2+-bound 
open state 

αX I-domain 
(PDB: 4NEH) 

Asp 138 2.2 3.8 5.4 

Asp 240 3.9 5.9 2.6 
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In case of the SILEN αX I-domain, we observed an increase in Tm by 

approximately 4 oC in the Mg2+-bound condition compared to the Mg2+-less condition in 

the pH range of 3 to 5.5. A decrease in the Tm by approximately 2 oC was observed in 

the pH range of 7 to 8 (Figure 28A). Unlike the WT αX I-domain, Mg2+-binding elicited 

alteration in the stability of the SILEN αX I-domain as a function of pH which was 

apparent by the resulting change in the Tm. The ΔuGº of the SILEN αX I-domain 

containing 1 mM Mg2+ gradually reached 10 kcal/mol at pH of 5.5. In contrast, for the 

Mg2+-less SILEN αX I-domain at pH range of 3.5 to 5.5, high ΔuG of 10 kcal/mol was not 

obtained; instead it was maintained in the range of 5-6 kcal/mol (Figure 28B). A similar 

trend was observed for the -TΔuSº and ΔuHº (Figures 28C, D). 

Interestingly, the difference in the unfolding nature of the WT and SILEN αX I-

domain in Mg2+-less and 1 mM Mg2+ condition was observed especially at pH range of 3 

to 6. The increase in the stability due to elevated Tm  and ΔuGº of the SILEN αX I-

domain upon Mg2+-binding at pH range of 3 to 6 implied the importance of the Mg2+ 

interaction.  

At pH value higher than 3 and below 6, the Asp 138 and Asp 240 along with 

other intermolecular interactions could be functioning together in coordinating the Mg2+ 

binding and increasing the stability of the SILEN αX I-domain. The αX I-domain 

structure in the open state (represented by SILEN αX I-domain in our studies) 

crystallized at pH 7 showed that the Asp 240 loses its interaction with Mg2+ and Asp 138 

maintains the water-mediated hydrogen bonding to the Mg2+. We predict that at higher 

pH, the loss of binding of Asp 240 to Mg2+ could result in a decrease in the stability of 

the SILEN αX I-domain. 



 

80 

 

 

 

 

 

 
Figure 28: DSF analysis showing difference in the melting temperatures and 
thermodynamics of Mg2+-bound and Mg2+-less SILEN αX I-domain  unfolding. 
(A) The Tm of the SILEN αX I-domain in Mg2+-bound or Mg2+-less conditions did not 
show any significant difference throughout the pH range of 3—11. (B-D) Differences 
in the thermodynamics parameters between Mg2+-bound or Mg2+-less SILEN αX I-
domain were observed at the pH range of 3—6. Black line and red line represent 
Mg2+-less and 1 mM Mg2+ conditions of the SILEN αX I-domain unfolding, 
respectively.  
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3.2.6. Effects of increasing concentration of Mg2+ on the αX I-domain shape. 

Our assessment on change in the melting temperature and thermodynamics of 

the αX I-domain unfolding upon Mg2+-binding from the DSC and ITC studies revealed 

that Mg2+-binding elicited an increase in the αX I-domain’s stability. The increase in the 

αX I-domain stability was associated with the change in its secondary structure as 

revealed by our CD spectral analysis. 

For a more direct characterization of the conformational changes induced by 

Mg2+ in the αX I-domain, we collected small and wide-angle X-ray scattering (SWAXS) 

data of the WT αX I-domain at different Mg2+ concentrations. The increasing slope 

observed in the intensity profiles of the αX I-domain scattering data for solutions with 

increasing levels of free Mg2+ in the range of 0—100 mM was indicative of increment in 

the size of the αX I-domain (Figures 29A, B).  SWAXS datasets of the αX I-domain 

revealed characteristic bell-shaped pairwise distance distribution curves p(r) of a 

compact globular scattering biomolecule in solution (Figure 29C). 
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A.                                              B. 

 
C. 

 
Figure 29: The WT αX I-domain shape-shifting observed with increasing 
concentrations of Mg2+ which progresses the WT αX I-domain towards an open 
and extended conformational state. SAXS data acquisition reveals increase in the 
WT αX I-domain size in solution with increase in Mg2+ concentrations as depicted by 
(A) Change in the scattering intensity of the WT αX I-domain observed at the Guinier 
regions with (B) corresponding increase in the slope of the Guinier plot with 
increasing levels of Mg2+ in the range of 0—100 mM. (C) 3-D plot representing the 
pairwise distance distribution curves (p(r)) of the scattering vectors versus particle 
radius r(Å) against different concentrations of Mg2+ for the WT αX I-domain shows 
gradual change in the effective-radius (Dmax) and radius of gyration (Rg) of the WT αX 
I-domain in response to Mg2+-addition. 
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The scaling the scattering profiles using the qmin—qmax range for investigating the 

density fluctuations in the αX I-domain sample was a more accurate estimation for 

analyzing its conformational changes (131). With an increase in the Mg2+ concentration 

in the αX I-domain sample, we observed a decreasing q-range in the linear Guinier 

regions of the αX I-domain scattering profile. This observation provided an additional 

evidence for the enlargement of the αX I-domain upon Mg2+-titration (Table 8). 

Indirect Fourier transformation of intensities of each scattering dataset was with 

q-ranges between 0.015—0.990 Å (Table 8). These intensities were implemented to 

estimate the pairwise distance distribution curves (p(r)) of the scattering vectors (Figure 

29C). A 3-dimensional plot of the p(r) versus particle radius r(Å) against different 

concentrations of Mg2+ for the WT αX I-domain revealed that the αX I-domain altered its 

effective-radius (Dmax) and radius of gyration (Rg) in a step-wise response to Mg2+-

Table 8: Parameters derived from the SAXS data acquisition of the WT αX I-
domain at different Mg2+ concentrations- the effective-radius (Dmax), radius of 
gyration (Rg) and q-range 
 

[Mg2+] q-range (1/Å) Rg (Å) Dmax (Å) 

0 µM 0.034 — 0.880 18.33 50.0 
20 µM 0.026 — 0.990 18.49 51.0 

100 µM 0.039 — 0.990 20.11 62.1 

250 µM 0.022 — 0.990 21.72 63.0 

500 µM 0.027 — 0.990 22.52 63.0 

3 mM 0.023 — 0.990 23.17 63.0 

10 mM 0.029 — 0.990 22.74 63.0 

20 mM 0.024 — 0.990 25.32 70.0 

60 mM 0.019 — 0.990 27.32 77.0 

100 mM 0.015 — 0.255 29.55 78.0 
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addition. The Dmax and Rg extended from 50 Å to 78 Å and 18.2 Å to 29.5 Å, 

respectively (Table 8). It appeared that two conformations of the WT αX I-domain within 

the time-averaged ensembles exist in solution. Between the two conformations, the first 

conformational state was depicted to exist in the low micromolar Mg2+ concentrations (0 

to ~100/250 µM) and exhibited a more compact conformation. The second 

conformational state exists at mid-to-high millimolar Mg2+ range (10 mM—100 mM) 

which showed a more open and extended conformational state.  

In the range where the first distinctive αX I-domain conformational population 

was observed, MIDAS would not be fully occupied. After Mg2+ concentration reached to 

a half MIDAS occupancy (~50%, which is above 1X KD of Mg2+-affinity corresponding to 

154 µM Mg2+ as shown by ITC), a plateau region at Mg2+ concentrations in the range of 

250 µM—10 mM was observed at which the Dmax remained steady at 63 Å. Further 

increment (>98% MIDAS occupancy; corresponding to 10 mM Mg2+) in the Mg2+ 

concentrations to 100 mM generated more extended conformations at which its Dmax 

increased to 78 Å and the Rg increased to 29.55 Å. 

The dimensionless Kratky plot of (s.Rg2) I(s) / I(0) as a function of (s.Rg) which is 

directly calculated from the scattering curve reveals the degree of compactness of the 

WT αX I-domain at different Mg2+ concentrations. The peak roughly shaped like a 

parabola is the typical representation of a globular protein. We observed that the WT αX 

I-domain was more compact at Mg2+ concentrations ranging from 0-100 µM. The 

compactness gradually decreased for the αX I-domain and the plot appearance 

remained similar from 250 µM-10 mM Mg2+ concentrations. At higher Mg2+ 

concentrations ranging from 10 mM-100 mM, a broader maximum in the Kratky plots 
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was displayed which demonstrated that the αX I-domain was less compact (Figure 30). 

The qualitative assessment of the Kratky plot confirmed that the compactness of the WT 

αX I-domain decreased upon Mg2+-addition indicating a shift to a more open and 

extended αX I-domain conformation. 

The I(0)/αX I-domain concentration(c) value, as a parameter independent of the 

sample concentration, allows reliable determination of the particle size and evaluation of 

particle aggregates during data analysis (Table 9). The I(0) was calculated using the y 

intercept of the linear regression in the Guinier approximation. The comparable trend 

observed with the I(0)/c values and qualitative analysis of the dimensionless Kratky plot 

of the WT αX I-domain upon Mg2+-addition verified that the change in the αX I-domain 

size observed was indeed due to changes in macromolecular dimensions of the 

 
Figure 30: The compactness of the WT αX I-domain decreases with increasing 
Mg2+ concentrations as depicted by SAXS data acquisition. The broadening of 
the dimensionless Kratky plots indicate decrease in the compactness of the WT αX I-
domain with increasing Mg2+ concentrations. S.Rg provides information about the 
shape of the protein. 
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scattering and not because of intermolecular aggregation events (Figure 30 and Table 

9).  

We were also able to confirm the monodispersity of the WT αX I-domain by 

acquiring its SEC-SAXS data at Mg2+ concentrations in the range of 0-3 mM (Figure 31). 

Aside from the fact that Rg and Dmax enlargement followed the same trend as shown in 

Table 8, the retention volumes of the αX I-domain at different Mg2+ concentrations 

showed a biphasic transition. The center of elution peak of the WT αX I-domain shifted 

to right gradually from Mg2+-less condition to 100 µM Mg2+ condition, after which we 

observed a leftward shift from 500 µM to 3 mM Mg2+concentrations. We observed a 

variation in the protein’s retention volume at Mg2+ concentrations at the range of 0-100 

µM (Figure 31-inset). At Mg2+ concentrations of 500 µM and 3 mM, the retention volume 

Table 9: Experimental conditions and acquired parameters of the WT αX I-
domain at different Mg2+ concentrations from SAXS analysis- Forward 
scattering intensity (I(0)), Forward scattering intensity / sample 
concentration of WT αX I-domain (I(0)/c) 
 

[Mg2+] [WT αX I-domain] 
(mg/mL) I(0) (A.U) I(0)/c (A.U/ mg) 

0 µM 1.92 5.93 3.09 

20 µM 2 5.97 2.98 

100 µM 2.02 8.44 4.18 

250 µM 1.65 8.07 4.89 

500 µM 1.45 5.87 4.04 

3 mM 1.51 6.45 4.27 

10 mM 1.3 5.87 4.51 

20 mM 2.07 7.54 3.64 

60 mM 1.76 9.96 5.66 

100 mM 1.92 13.51 7.04 
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remained consistent (Figure 31). These observations supported the aforementioned 

results obtained by SAXS data acquisition on the αX I-domain as a function of Mg2+-

binding. 

3.2.7. Roles of Mg2+ in the ligand affinity of the αX I-domain. 

Even though studies have reported the importance of conformational changes 

within the αX I-domain in regulating ligand binding (56, 103), the alteration in the αX I-

domain ligand-binding affinity as a function of change in its MIDAS occupancy by a 

divalent cation has not been elucidated. Therefore, we wanted to assess the ligand 

affinity of any αX I-domain transition states and examine if these states could depict a 

progressive affinity maturation of the αX I-domain by using surface plasmon resonance 

(SPR). 

 
Figure 31: Hydrodynamic radius (Rh) change of the WT αX I-domain at different 
Mg2+ concentrations as probed by SEC. The change in the retention volume of the 
αX I-domain at Mg2+concentrations indicate change in the Rh of the WT αX I-domain 
as a function of Mg2+ binding. 
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To ensure that the ligands, iC3b and fibrinogen, used for immobilization to the 

SPR sensor chips were non-fragmented, we verified their sizes in the non-reducing and 

reducing conditions using SDS-PAGE. In the non-reducing  conditions, a single band for 

181 kDa iC3b and 340 kDa fibrinogen was observed, respectively. In the reducing 

condition, three iC3b fragments at 75 kDa, 63 kDa, and 43 kDa, as well as fibrinogen 

fragments at 63.4 kDa, 56 kDa, and 47 kDa, were observed (Figures 32A, B).  

To test if the observed Mg2+-induced structural changes in solution could impose 

a regulation onto the ligand affinity, we determined the affinity constants for the αX I-

domain binding to fibrinogen and iC3b, respectively, at varying Mg2+ concentrations 

using BIAevaluation software for the SPR assays.  

 
Figure 32: The αX I-domain ligands, iC3b and fibrinogen, used for the SPR 
binding assays confirmed to be non-fragmented by SDS-PAGE. (A) The 181 kDa 
band of iC3b was shown in the non-reducing condition (Lane 2) and the three bands 
were revealed for the iC3b fragments in the reducing condition (Lane 1). (B) 
Fibrinogen in non-reducing condition corresponded to its molecular weight of 340 kDa 
(Lane 7) and its fragment domains were shown by three bands in the reducing 
condition (Lane 6).  
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Interestingly, we observed a distinct increment in affinity of the WT αX I-domain 

to fibrinogen as Mg2+ concentration increased, whereas the SILEN αX I-domain did not 

demonstrate steady affinity. However, the SILEN αX I-domain showed ~10-fold higher 

affinity to fibrinogen than the WT αX I-domain at Mg2+ concentration of 100 µM to 5 mM  

(Table 10). In the case of the αX I-domain binding to iC3b, the WT and SILEN αX I-

domain showed a 2-fold difference at Mg2+ concentration of 500 µM and 5 mM (Table 

11).  

Table 11: Equilibrium association constants of αX I-domains-iC3b binding 
determined from SPR measurements using BIAevaluation software 
  

Equilibrium association constant (KA) (M-1) 

[Mg2+] αX I-domain 
(WT) 

αX I-domain  
(SILEN)  

100 µM 7.20 x 104 6.86 x 104 

500 µM 6.17 x 104 12.5 x 104 

5 mM 5.61 x 104 10.5 x 104 

10 mM 8.43 x 104 8.76 x 104 
 

Table 10: Equilibrium association constants of αX I-domains-fibrinogen 
binding determined from SPR measurements using BIAevaluation 
software 
  

Equilibrium association constant (KA) (M-1) 

[Mg2+] αX I-domain  
(WT) 

αX I-domain  
(SILEN) 

100 µM 2.41 x 104 20.2 x 104 

500 µM 2.67 x 104 37.2 x 104 

5 mM 7.70 x 104 51.1 x 104 

10 mM 14.9 x 104 25.2 x 104 
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Our analysis of the αX I-domain binding to fibrinogen and iC3b, respectively, 

deduced two significant findings. First, these results suggested a role of Mg2+ in 

enhancing the affinity of the WT αX I-domain to its ligands. Secondly, our results 

showed that the SILEN αX I-domain demonstrated a higher ligand affinity to its ligands 

than the WT αX I-domain.  

However, these affinity constants determined by using the 1:1 binding model did 

not consider the structural heterogeneity of protein-ligand interaction into the affinity 

analysis; yet we clearly observed Mg2+-dependent structural heterogeneity of the αX I-

domain in our CD and SWAXS measurements. It is important to note that the typical 

SPR data for the αM I-domain, the closest sister-homolog of the αX I-domain with >60% 

identity, also displayed nonconformity with simple binding models (107).  

Therefore, for a more accurate and reliable analysis of the αX I-domain-ligand 

interaction studies, we implemented the EVILFIT algorithm, which extended the simple 

one-site model to that of an entire distribution of heterogeneous binding interactions. 

The SPR binding-traces of the αX I-domain-ligand interactions were analyzed using the 

distribution model that accounted for heterogeneous interactions such as structural 

interconversion or immobilized ligand heterogeneity on the SPR surface (Figure 33) 

(118).  
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We observed that the fibrinogen-coated surfaces produced robust SPR signals 

for the WT and SILEN αX I-domain at different Mg2+ concentrations (Figure 34). These 

sensograms provided two-dimensional differential distribution plots that were further 

processed to assess the structural heterogeneity and determine the affinity constants 

(Figure 35). 

 

 

 

 

 

 

 
Figure 33: Representative 3-D contour plot of the αX I-domain binding to its 
ligand at different concentrations of Mg2+. The 3-D distribution plot demonstrating 
the αX I-domain-ligand affinity as the equilibrium dissociation constant (KD) as x-
coordinates, the dissociation rate constant (koff) as y-coordinates and the abundance 
of the probed interaction(s) as z-coordinates for the αX I-domain binding to its ligand. 
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Figure 34: SPR measurements of αX I-domain binding to fibrinogen at different 
concentrations of Mg2+. The sensograms were fitted using EVILFIT software at 
Mg2+ concentrations of 100 µM, 500 µM, 5 mM, 10 mM, and 50 mM, respectively for 
the (A-E) WT αX I-domain and (F-J) SILEN αX I-domain. The sensograms were 
aligned using the software-Scrubber before the fitting them by EVILFIT. 
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Figure 35: Distributions of the αX I-domain binding interactions to its ligand, 
fibrinogen at different concentrations of Mg2+ depict step-wise affinity maturation 
of the WT αX I-domain. Results reporting KD (in M) and koff (in sec-1) distributions were 
calculated with standard Tikhonov-Phillips regularization using EVILFIT analysis for (A-
E) the WT αX I-domain and (F-J) the SILEN αX I-domain at indicated Mg2+ 
concentrations. The distributions are presented as a contour plot with the color 
temperature interpolated from the αX I-domain population at the KD and koff 
coordinates. 
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Using the contour map, we analyzed the distribution of binding sites for αX I-

domain-ligand interactions (Figure 35). At 100 µM and 500 µM Mg2+, the WT αX I-

domain binding to fibrinogen indicated the existence of a mixed ensemble of WT αX I-

domain conformations in solution. This conformational ensemble was depicted by a 

major population demonstrating a lower affinity with a KD around 10-3 M and a minor 

population showing higher affinity with a KD around 10-5 M (Figures 35A, B). Upon 

increasing Mg2+ concentration to 5 mM, the main KD peak shifted towards a higher 

affinity state (412 µM). Also, the heterogeneity of the major conformational ensemble on 

the KD/koff matrix was reduced (Figure 35C). At 10 mM and 50 mM Mg2+, the affinity was 

fully matured and reached high affinities with KD values of 16.8 µM and 22.2 µM, 

respectively. At higher Mg2+ concentrations, the structural heterogeneity of the WT αX I-

domain reached a minimum, as shown by reduced dispersity in the contour map 

(Figures 35D, E). It is important to note that the conventional equilibrium association 

constant (KA) measurement using single-site binding was around 104 M-1 (Table 10), 

which is roughly average of observed major affinities in 2D-EVILFIT sensograms 

(Figure 35 and Table 12). 

Unlike the WT αX I-domain, increasing the Mg2+ concentration from 100 µM to 50 

mM did not induce a stepwise affinity maturation of the SILEN αX I-domain in binding to 

fibrinogen, and the 2D-space of the KD-koff binding surface did not appear to shrink 

(Figures 35F-J). At all Mg2+ concentrations, the SILEN αX I-domain exhibited similar 

affinities to fibrinogen, ranging from 4.3 µM to 17.9 µM. These observations in the SPR 

binding events suggested that the SILEN αX I-domain exists in a limited conformational 

heterogeneity in comparison to the WT αX I-domain. 
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Table 12: Equilibrium dissociation constant (KD), association constant (kon), 
and dissociation constant(koff) for αX I-domains-fibrinogen binding 
determined from SPR measurements using EVILFIT algorithm 
  

αX I-domain  
(WT) 

αX I-domain  
(SILEN) 

[Mg2+] KD (M) koff 
(sec-1) 

kon    
(M-1sec-1) 

KD (M) koff 
(sec-1) 

kon    
(M-1sec-1) 

100 µM 8.73 x 

10-4 

0.022 24.74 1.14 x 10-5 0.008 661.40 

500 µM 8.00 x 

10-4 

0.022 27.38 0.43 x 10-5 0.007 1662.79 

5 mM 4.12 x 

10-4 

0.019 46.36 1.37 x 10-5 0.016 1189.78 

10 mM 0.17 x 

10-4 

0.014 809.52 1.69 x 10-5 0.015 881.66 

50 mM 0.22 x 

10-4 

0.005 238.74 1.79 x 10-5 0.015 832.40 

 
 

Notably, in the contour map distributions, the koff value throughout all Mg2+ 

concentrations changed minimally. With increasing Mg2+ concentration, the koff values 

decreased slightly in the range of 0.022—0.005 sec-1 for the WT αX I-domain and 

increased marginally in the range of 0.007—0.016 sec-1 for the SILEN αX I-domain 

(Table 12). From the equation of KD= koff/kon, we determined that the variations 

observed in the KD values were resulted from the association rate (kon) values (Table 

12). 

From 100 µM to 10 mM Mg2+, the observed increment in the kon values from 

24.74 M-1sec-1 to 809.52 M-1sec-1 endowed an increase in affinity of the WT αX I-domain 

to fibrinogen. At a high Mg2+ concentration of 50 mM, the kon was slightly reduced to 

238.74 M-1sec-1 and koff was reduced to 0.005 sec-1 (Table 12).This concurrent decrease 

in the kon and koff values led to ~3-fold lower affinity of the WT αX I-domain binding to 

fibrinogen at 50 mM Mg2+ than that at 10 mM Mg2+. 
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These results indicated that the increase in Mg2+-binding to the WT αX I-domain 

elicits an increase in the fibrinogen affinity. This affinity increase, that we describe as 

“affinity maturation”, arises from an increase in the on-rate. Moreover, the SILEN αX I-

domain showed significantly higher kon values than the WT αX I-domain, naturally 

resulting in its increased affinity to fibrinogen than the WT αX I-domain (Table 12). 

We also measured, using ImageJ software, the 2D-KD/koff counter surface area in 

Figure 35 that represents the range of binding heterogeneity in the αX I-domain-

fibrinogen interaction at different Mg2+ concentrations. We observed that these surface 

areas ranged from 1581—6971 a.u. which increased at Mg2+ concentrations from 100 

µM to 500 µM Mg2+ and declined afterward. In contrast, the surface area values for 

binding of the SILEN αX I-domain to fibrinogen stayed steady, ranging from 1103—2426 

a.u (Table 13 and Figure 36).  The minimal change in the SILEN αX I-domain surface 

area compared to that of the WT αX I-domain throughout different Mg2+ concentrations 

suggested that a less significant structural heterogeneity of the SILEN αX I-domain was 

introduced via Mg2+-titration (Figure 36). After a progressive or stepwise decrease in the 

surface area for the fibrinogen- WT αX I-domain with increasing Mg2+ concentrations, 

the area of 2497 a.u. at 50 mM Mg2+ was reached, which was similar to that of the 

SILEN αX I-domain in the same Mg2+ concentration (2360 a.u at 50 mM Mg2+) (Table 

13). This observation indicated that Mg2+-binding possibly reduces the conformational 

heterogeneity in interaction of the αX I-domain binding to fibrinogen. 
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Next, we carried out SPR binding analysis of the αX I-domain to iC3b-coated 

surfaces (Figure 37). 

 

Table 13: Signal surface area of αX I-domain-fibrinogen binding determined 
from SPR measurements 
 

 Signal Surface Area (a.u) 

[Mg2+] αX I-domain 
(WT)  

αX I-domain 
(SILEN mutant) 

100 µM 3650 1952 

500 µM 6971 1103 

5 mM 4178 2426 

10 mM 1581 2075 

50 mM 2497 2360 
   

 
Figure 36: Change in structural heterogeneity of the αX I-domain upon Mg2+-
binding.  Decrease in the surface area for the WT αX I-domain binding to fibrinogen 
(red line) was observed with increase in Mg2+ concentrations. Mg2+-binding did not 
exhibit similar effect on the SILEN αX I-domain (green line). 
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Figure 37: SPR measurements of αX I-domain binding to iC3b at different 
concentrations of Mg2+. The sensograms were fitted using EVILFIT software at 
Mg2+ concentrations of 100 µM, 500 µM, 5 mM, 10 mM, and 50 mM, respectively for 
(A-E) the WT αX I-domain and (F-J) the SILEN αX I-domain. The sensograms were 
aligned using the software-Scrubber before the fitting them using EVILFIT. 
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From the 2D-contour maps for the WT αX I-domain at Mg2+ concentrations 

ranging from 100 µM to 5 mM Mg2+, we observed a major population demonstrating a 

lower affinity with KD of 10-4 M and a minor population showing higher affinity with KD of 

10-5 M for the WT αX I-domain binding to iC3b (Figures 38A-C).   

At 100 µM and 500 µM where the αX I-domain MIDAS is not saturated with Mg2+, 

the WT αX I-domain exhibited lower affinity to iC3b with KD values of 200 µM and 322 

µM, respectively (Table 14). At higher Mg2+ concentrations, the main KD peak slightly 

shifted towards a higher affinity with KD values of 161 µM, 25.2 µM, and 132 µM at 5 

mM, 10 mM, and 50 mM, respectively (Table 14). At 10 mM and 50 mM Mg2+, the major 

KD peak shifted towards higher affinity as the minor population at KD of 50 µM was 

diminished (Figures 38D, E). These observations indicated the existence of a mixed 

ensemble of WT αX I-domain conformations in solution, which was similarly observed in 

WT αX I-domain binding to fibrinogen.  

Interestingly, unlike the heterogenous interactions observed for SILEN αX I-

domain-fibrinogen, we observed a stepwise shift towards a higher affinity with 

increasing Mg2+ concentrations for the SILEN αX I-domain binding iC3b. The SILEN αX 

I-domain showed similar lower affinity to iC3b at 100 µM and 500 µM with KD of 1.27 

mM and 855 µM, respectively. At higher Mg2+ concentrations, the affinity significantly 

increased with KD values of 95.1 µM, 133 µM, and 18.6 µM at 5 mM, 10 mM, and 50 

mM Mg2+, respectively (Table 14). Furthermore, the 2D-KD/koff binding matrix diminished 

at higher concentrations of 5 mM to 50 mM for both WT and SILEN αX I-domain 

(Figures 38C-E and 38H-J). 
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Figure 38: Distributions of the αX I-domain binding interactions to its ligand, iC3b 
at different concentrations of Mg2+ depicts affinity maturation of the αX I-domain 
upon increase in Mg2+ concentrations. Results reporting KD (in M) and koff (in sec-1) 
distributions were calculated with standard Tikhonov-Phillips regularization using 
EVILFIT analysis for (A-E) the WT αX I-domain and (F-J) the SILEN αX I-domain at 
indicated Mg2+ concentrations ranging from 100 µM to 50 mM.  
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The dissociation constant (koff) values for the WT αX I-domain-iC3b interactions 

at 100 µM and 500 µM Mg2+ remained consistent at 0.031 sec-1 and decreased at higher 

Mg2+ concentrations. However, the koff values varied throughout the range of Mg2+ 

concentrations for the SILEN αX I-domain-iC3b interactions (Table 14).  

The surface area depicting the binding of the WT αX I-domain to iC3b ranged 

from 2241—4317 a.u. and the SILEN αX I-domain binding to iC3b was observed in the 

range of 1484—4911 a.u (Table 15 and Figure 39). The stoichiometry of αX I-domain 

binding to iC3b reported suggests approximately six different binding sites for the αX I-

domain in iC3b (137). This binding site heterogeneity could result from the structural 

heterogeneity of the αX I-domain or multiple available binding site of the immobilized 

iC3b, or both. In contrast, the αX I-domain binds to a single distinct site at Gly-Pro-Arg 

in the N-terminal domain of the α chain of fibrinogen. This distinct interaction site for αX 

Table 14: Equilibrium dissociation constant (KD), association constant (kon), 
and dissociation constant (koff) αX I-domains-iC3b binding determined from 
SPR measurements using EVILFIT algorithm 

  
αX I-domain 

(WT) 
αX I-domain 

(SILEN) 

[Mg2+] KD (M) koff 
(sec-1) 

kon 
(M-1sec-1) KD (M) koff 

(sec-1) 
kon 

(M-1sec-1) 
100 µM 2.00 x 10-4 0.031 154.50 12.7 x 

10-4 

0.020 15.35 

500 µM 3.22 x 10-4 0.031 94.72 8.55 x 

10-4 

0.032 36.84 

5 mM 1.61 x 10-4 0.024 147.20 0.95 x 

10-4 

0.021 223.97 

10 mM 0.25 x 10-4 0.008 307.14 1.33 x 

10-4 

0.024 177.44 

50 mM 1.32 x 10-4 0.017 131.82 0.19 x 

10-4 

0.018 973.12 
 



 

102 

I-domain binding to fibrinogen allowed us distinctly to observe αX I-domain affinity 

maturation in our αX I-domain-fibrinogen SPR studies.  

 

 

 

Table 15: Signal surface area of αX I-domain-iC3b binding determined from 
SPR measurements 
 

[Mg2+] αX I-domain 
(WT) 

αX I-domain 
(SILEN mutant) 

100 µM 4317 4911 

500 µM 3221 3757 

5 mM 2372 2772 

10 mM 2241 3293 

50 mM 2707 1484 
 

 
 
Figure 39: Decrease in the signal surface area of the αX I-domain binding to 
iC3b with increasing concentrations of Mg2+.  Decrease in the surface area for the 
WT (red line) and SILEN αX I-domain binding to iC3b (green line) was observed with 
increase in Mg2+ concentrations.  
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3.3 Discussion 

3.3.1 Roles of Mg2+ in the αX I-domain affinity, stability, and shape-shifting. 

3.3.1.1 Affinities of divalent cations to the αX I-domain. 

Our studies using ITC showed that the divalent cations exhibited weak 

association to the αX I-domain at 25 °C with their affinities in the low micromolar range. 

Studies on the αM I-domain showed binding constants for the divalent cations - Mn2+, 

Mg2+, and Ca2+ at KD of 33 µM, 555 µM, and 1200 µM, respectively (2). The αL I-domain 

showed dissociation constant for Mn2+, Mg2+, and Ca2+ at KD of 3.16 µM, 19.42 µM, and 

384 µM, respectively (138).  

In our studies, a two-fold lower affinity was observed for Mg2+-binding to the WT 

αX I-domain compared to Mg2+ or Mn2+-binding to the SILEN αX I-domain (Section 

3.2.2; Figure 19). In similar experiments for the αM I-domain, a 6-fold lower affinity was 

observed (139). Moreover, Mg2+ affinities of the αX and αM I-domains are lower than 

that of the αL I-domain. In the affinity measurements, binding affinities are measured 

with the assurance that concentration of proteins and cations are precise, but many 

external effects could introduce error to the protein or cation concentration. Therefore, 

binding data, when KD values have two or more fold difference, must be analyzed 

cautiously. In the comparison of Mg2+ to αI-domains, the αL I-domain has shown 

remarkable affinity difference, which is more than 10-fold in comparison to the αX and 

αM I-domains. Interestingly, αL ligands are limited to ICAM molecules, yet the ligands 

for αX and αM range from ICAMs to fibrinogen and complement molecules. Further 

detailed work is required to elucidate how cations in MIDAS of each αI-domain play 

roles in ligand selectivity and affinity, and if the chemical environment around the cation 
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or local dynamics motions are responsible from selecting ligands and determining the 

ligand affinities for these αI-domains. For instance, identity between αM and αX I-

domains is about 60%, but αL shares only 38% and 33% of identity with αX and αM, 

respectively. Therefore, it is likely that the ligand specificity by each αI-domain arises 

from differences in the local molecular environment especially in the vicinity of the 

MIDAS site.  

The difference in the binding-enthalpy contribution of the cations to the αX I-

domain could be possibly due to the difference in their electronegativities: 1.55 

Pauling units for Mn2+, Mg2+ of 1.32 Pauling units, and Ca2+ of 1.00 Pauling units (140). 

The higher the electronegativity of cations, the stronger the degree their electrostatic 

attraction was with the interacting residues in the hydrophobic core of the αX I-domain. 

Also, more electrostatic attraction might result in higher affinity. For example, 90% 

MIDAS occupancy was achieved at the lowest concentration for Mn2+ at 800 µM 

(Figures 25A, B). A higher concentration of Mg2+ at 1.5 mM (Figures 24A, B) and Ca2+ at 

5mM (Figure 25C) was required for complete MIDAS occupancy in our DSF studies.  

The favorable entropy observed in the WT αX I-domain upon cation-binding 

potentially arises from increased configurational entropy due to αX I-domain backbone 

or side chain mobility during MIDAS reconfiguration and disruption of the hydration shell 

with released water molecule at the cation binding interface (141-143). One water 

molecule released from a protein system contributes to ~0.69 kcal/mol to the favorable 

ΔG  (144, 145). The favorable entropies were observed for the WT αX I-domain upon 

cation binding; TΔS of 2.14 kcal/mol, 3.34 kcal/mol, and 3.16 kcal/mol for Mg2+, Mn2+, 

and Ca2+, respectively. Since one water molecule is released during opening or Mg2+-
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binding, which will amount no more than 1.4 kcal/mol, we predict that there is 

conformational change associated with the observed change in TΔS. In contrast, the 

Mg2+-binding to SILEN αX I-domain resulted in the decrease in entropy change with 

TΔS of -1.05 kcal/mol for Mg2+ and -2.72 kcal/mol for Mn2+. Thus, cation binding to the 

SILEN αX I-domain could result in forming a more ordered structure in the presence of 

Mg2+. 

Since the αXβ2 binds promiscuously, the capability of undesirable premature 

immediate activation must be controlled. This physiological balance of the readiness of 

the αX I-domain activation is potentially attributed to the low energy difference between 

the closed and the open states, with the SILEN αX I-domain exhibiting only 10-fold 

higher ligand affinity than the WT αX I-domain from our affinity studies using 

physiologically relevant ligands. The low energy difference is possibly due to the αX I-

domain’s intrinsic flexibility contributed by multiple ensemble states of the αXI-α7 helix. 

Our observations are supported by the αM I-domain affinity studies showing a 10-fold 

increase in ligand affinity for the open state αM I-domain than the closed state αM I-

domain (83). Strong ligand binding is not necessarily desired from a physiological 

perspective due to the fact that the ligand is required to release at a certain point of the 

biological process occurring such as during leukocyte migration, microbial clearance, or 

immune synapse formation.  

3.3.1.2 Mg2+ couples MIDAS to the allosteric sites. 

The normal mode analysis (NMA), a simulation technique conducted by Zahra 

Mazhar in our lab, showed that Mg2+-binding residues (Asp-X-Ser-X-Ser motif, Thr 207, 

and Asp 240) are directly linked to the allosteric sites of the αX I-domain. If the coupling 
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between the MIDAS and allosteric sites of the αX I-domain is regulated, partially if not 

fully, by Mg2+, stability and structural changes of the αX I-domain could be probed by 

DSC and DSF studies via titration of Mg2+. 

In DSC, addition of Mg2+ increased the Tm of the WT αX I-domain about 10 oC 

and the ΔHunfolding by 128 kcal/mol. The DSC profile of the SILEN αX I-domain upon 

Mg2+-binding also showed the similar Tm increase of about 9 oC although the ΔHunfolding 

was of 19 kcal/mol (Table 6). The SILEN αX I-domain appeared to show two transitions 

in its DSC profile (Figure 23B). For both WT and SILEN αX I-domain, the changes in Tm 

and ΔHunfolding were prominent after reaching approximately 75% saturation in the 

MIDAS by Mg2+-binding.  

In the DSF profiles of the αX I-domain, we detected a drastic change in its Tm 

after 90% of the MIDAS occupancy was reached. Due to high multiplicity in the dataset, 

we could quantitatively assess the thermal unfolding event of proteins and statistically 

verify whether the αX I-domain unfolding followed the mono-phasic or the bi-phasic 

transition model. The bi-phasic transition model was a better representation of the 

differential change in the melting profiles of the Mg2+-binding to the αX I-domain which 

suggested that at least two different conformations exist for the αX I-domain in solution 

(Figures 24 and 25).  

On a technical note, Tm values obtained from DSF and DSC were different for the 

corresponding conditions, which were potentially due to the dye-binding event 

contributing positive or negative energetics to the protein unfolding in DSF. Despite the 

differences in the Tm values, in both DSF and DSC techniques, the αX I-domain 
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unfolding event during the Mg2+-titration followed almost identical ΔTm, yet the actual Tm 

values were determined by DSC. 

3.3.1.3 Mg2+ modifies ionization states of two critical aspartate residues.  

In the cation-less MIDAS, a water molecule is present which directly interacts 

with Ser 140, Ser 142, Thr 207, and Asp 240 (Figure 40A). In the Mg2+-occupied 

MIDAS, the oxygen atoms to the primary and secondary coordination sphere around the 

divalent cation are contributed by five residues of the αX I-domain and several water 

molecules. Ser 140 is always in the primary coordination sphere regardless of the 

MIDAS activation status. In the closed state, Asp 240 is in the primary coordination 

sphere and Thr 207 is in the second coordination sphere (Figure 40B). In Ser 140, Ser 

142, and Thr 207 are in the primary coordination sphere, whereas Asp 138 and Asp 240 

are in the secondary coordination sphere and fix the positions of coordinating water 

molecules (Figure 40C). Thus, Asp 138 in both the closed and open state maintains a 

water-mediated interaction with Mg2+. In contrast, Asp 240 loses direct contact with 

Mg2+ and instead maintains water-mediated interaction on transitioning from the closed 

to the open αX I-domain state (Figures 40B, C).  
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Figure 40: MIDAS coordination of the αX I-domain in the Mg2+-less and 
Mg2+-occupied conditions. (A) The αX I-domain in cation-less condition has 
water molecule at MIDAS interacting with Ser 140, Ser 142, Thr 207, and Asp 
240. Thr 207 gains and Asp 240 loses direct contact with Mg2+ in (B) the closed 
state and instead maintains water-mediated interaction on transitioning to (C) 
the open state of the αX I-domain. 2.5 Å lateral movement of Mg2+ on 
transitioning from closed to open state of the αX I-domain is indicated within the 
dashed line. 
 

---------------------------------------------------------------------------- 

---------------------------------------------------------------------------- 
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The theoretical isoelectric point (pI) of the αX I-domain is 7.16 with equal number 

of 21 positively and 21 negatively charged residues as determined by Expasy 

protparam tool, but pKas of each negatively and positively charged residues are 

determined by their microenvironment. The constant pH-MD simulation showed that on 

moving from the Mg2+-less to the Mg2+-occupied condition, the pKa values of two 

aspartate residues, Asp 138 and Asp 240, reduced; Asp 138 from 3.8 to 2.2 and Asp 

240 from 5.9 to 3.9. Both aspartates in the MIDAS is present in a hydrophobic sink 

where Mg2+ interactions are surrounded by the conserved hydrophobic residues, such 

as Ile 137 and Ile 143. Hence, the pKa values of the ionizable Asp groups must be 

arranged for maintaining favorable coulombic interactions and lower dielectric constant 

in the presence and absence of Mg2+. 

To experimentally assess whether the Mg2+-binding affects the overall αX I-

domain stability at different pH values, we examined the thermodynamics of Mg2+-

binding to the αX I-domain. Even though the Tm for the αX I-domain unfolding at both 

Mg2+-less and Mg2+-occupied conditions did not change while varying the pH (Figure 

27A), we distinctly observed the ΔuGº of 10 kcal/mol upon Mg2+-binding at the pH range 

of 3 to 6. In the absence of Mg2+, the ΔuGº was at ~5 kcal/mol from pH 3 to 6, and 10 

kcal/mol after pH 6. This increase in overall stability of the αX I-domain at a lower pH 

range in the presence of Mg2+ is also potentially linked to the correlation in residue-

network from MIDAS to the αXI-α7 helix (or any allosteric sites). Briefly, the ionizable 

groups potentially make important contributions to the function and stability of proteins 

to facilitate biological processes as shown in other studies (146-148), and a similar 

phenomenon of aspartates with atypical pKa alteration upon Mg2+-binding in the αX I-
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domain could be playing role in regulating the metal and ligand affinities of the αX I-

domain as well as establishing the allosteric coupling between MIDAS and the allosteric 

sites. 

3.3.1.4 Mg2+-binding reduces conformational heterogeneity and enlarges the αX I-

domain.  

Our in-solution experiments from CD and SAXS showed Mg2+-dependent change 

in the αX I-domain’s helical content and its overall shape. Specifically, the p(r) 

distribution plot of in-solution SAXS showed two major transitions, if not more, of the αX 

I-domain upon Mg2+-binding (Figure 29C); the observation that corresponds to the 

biphasic denaturation observed in our DSF studies (Figures 24A, B). The first transition 

phase possibly indicates the structural changes in the αX I-domain when Mg2+-

dependent coupling between MIDAS to the αXI-α7 helix or other undefined allosteric 

regions is established—the residue network connecting MIDAS to the αXI-α7 helix as 

shown by our NMA analysis. In this stage, the MIDAS is not fully saturated with Mg2+. 

The second transition phase potentially corresponds to the Mg2+-dependent affinity 

maturation event, which was observed in the SPR (Figures 35D, E) and the cell-based 

assays (performed by Zeinab Moussa in our lab). Indeed, when the affinity matures, the 

αXI-α7 helix enlarges to roughly to 26 Å (79), which corresponds to the similar change 

in Dmax in our p(r) distribution plot. The indication of the second transition stage is also 

supported by our DSF analysis in which the stability of the αX I-domain increases 

drastically after approximately 70% MIDAS saturation by Mg2+-binding. The two distinct 

ensemble populations observed in SAXS analysis reinforced the occurrence of biphasic 
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structural transition of the αX I-domain upon Mg2+-addition as observed in our DSC and 

DSF studies. 

Even though our solution SAXS experiments showed the enlargement and 

existence of at least two intermediate states of the αX I-domain during its structural 

changes upon Mg2+-binding, this technique only provides summation of all 

conformational ensembles (149). Therefore, determining the number of intermediate 

states in solution is challenging when using experimental strategies such as 

crystallography and cryo-EM, but indirect evidence can be obtained by computational 

analysis of NMR observables. Furthermore, the 3D NMR spectra of the Mg2+-bound αX 

I-domain showed evidence of peak splitting of residues at the MIDAS and the α7 helix 

indicating the structural changes at these regions of the αX I-domain upon Mg2+-binding. 

These NMR datasets validated that the addition of Mg2+ induced the αX I-domain to 

adopt at least two different conformational states in solution. It is imperative to note that 

this conformational heterogeneity is the most likely culprit in crystallization of the αX I-

domain in the metal-bound condition in my and others’ crystallization efforts. 

Interestingly, the crystal structure of the isolated αX I-domain with a metal bound to 

MIDAS is not available even though structure of the metal-bound isolated αM I-domain 

(121, 150), αL I-domain 87, 151), and αD I-domain (from the Şen lab, Collins Aboagye’s 

unpublished results) have been determined. 

3.3.1.5 Mg2+ matures ligand affinity of the αX I-domain. 

In our SPR affinity measurements, we observed highly dispersed affinity values 

for the WT αX I-domain binding to fibrinogen in the non-saturating Mg2+ concentrations 

until 500 µM Mg2+ (Figures 35A, B and 36). The increase in the ligand affinity of the WT 
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αX I-domain appeared to be evident at Mg2+ concentration of 5 mM. Moving towards 

Mg2+-saturated MIDAS, the observed heterogeneity in αX I-fibrinogen binding is 

essentially skewed to more homogenous interactions as revealed by reduction in 

surface area (Figures 35 C-E). The SILEN αX I-domain in all Mg2+ conditions showed 

similar affinities in the 2D-binding isotherms (Figure 35 F-J), and the 2D-counter surface 

area did not change significantly throughout all conditions (Figure 36). These 

observations indicated that the SILEN αX I-domain did not undergo similar affinity 

maturation event during Mg2+-titration, but has a fixed-affinity. This observation is highly 

expected because Ile 314àGly mutation locks the αX I-domain in an alternate high-

affinity state. 

There could be two different explanations for detecting heterogenous ligand-

binding events. The first reason could be that the fibrinogen immobilized to the sensor 

chip has high structural heterogeneity such as different post-translational modifications 

and non-specific proteolysis. The second reason could be that the αX I-domain structure 

is heterogenous. The first scenario is unlikely because, in all of the affinity 

measurements, we used the same fibrinogen-bound surface in our binding SPR 

experiments and confirmed the reproducibility of our binding curves—showing always 

same SPR surface activity. Therefore, it would be expected that the observed 

heterogenous ligand binding events solely resulted from the structural heterogeneity of 

the αX I-domain.  

In a second experiment, we decided to use iC3b as a ligand because the 

stoichiometry reported in a previous study for the αX I-domain binding to iC3b suggests 

possibility of their six different binding interfaces on iC3b (137), each of which might 
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have a different affinity. As expected, iC3b-SPR binding analysis is challenging. Based 

on the analysis using maximum entropy regularization, multi-binding sites on the iC3b 

and the conformational heterogeneity of the αX I-domain became obstacles when 

distinctly refining the affinity values in these SPR measurements. Yet, the WT αXI-

domain binding to iC3b in the conventional 1:1 binding analysis showed increase in 

overall affinity during Mg2+-titration (Figure 37 and Table 11). 

Our findings on structural heterogeneity and affinity maturation of the αX I-

domain by the SPR analysis were further confirmed by testing functional relevance of 

the Mg2+-dependent affinity maturation events on cell surface-expressed αXβ2 

receptors (this experiment was done by Zeinab Moussa-The Şen lab). The αXβ2-

HEK293T transfected cells at saturating Mg2+ conditions also induced increased affinity 

to iC3b-sensitized erythrocytes in physiologically-relevant rosetting assays. We were 

certain that the increased affinity solely depended on the Mg2+-induced αX I-domain 

opening event. This confirmation was based on two mechanistically different 

approaches with an inhibitory monoclonal antibody, TS1/18, and small-molecule 

inhibitor, XVA 143, respectively, used for inhibiting the αI/βI domain coupling event. 
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In conclusion, my studies elucidated the roles of Mg2+ in the αX I-domain 

structural changes and its ligand-binding mechanism. We demonstrated that the Mg2+ 

induces conformational changes in the αX I-domain and biases its thermodynamic 

equilibrium towards the ligand-binding competent state(s) (Figure 41). We showed that 

the overall αX I-domain stability is directly linked to its MIDAS occupancy, where two 

critical aspartate residues appear to couple MIDAS to the rest of the αX I-domain. The 

binding-competent intermediate states of the αX I-domain existing in solution and 

minimal ligand affinity difference between the closed and the open state could 

contribute to the widescale conformational changes of the αXβ2. These conformational 

changes of the αXβ2 enable this promiscuous receptor to respond instantaneously to 

multiple ligands and allow leukocytes to mount appropriate rapid immune response to 

function in the innate immunity. 

 
Figure 41: Schematic representation of the effect of Mg2+-binding on the αX I-
domain conformation and its ligand affinity.   
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CHAPTER 4 

SIMVASTATIN BINDS AND ACTS AS AN ANTAGONIST TO THE αX-I DOMAIN. 
 
4.1 Introduction 

Immune surveillance is guided by the regulation of adhesion and migration of 

myeloid cells like leukocytes. The aberrant leukocyte migration contributes to 

inflammatory responses in many immune dysregulations such as atherosclerosis, 

autoimmune encephalitis, arthritis, and Leukocyte Adhesion Deficiency (LAD) (23, 27, 

37, 151). The regulation of integrin αXβ2 is a crucial process involved in recruiting 

leukocytes from circulation to atherosclerotic lesions (152). In the αX (CD11c) -/-  and 

apolipoprotein E (apoE)-/- -deficient mouse model of hypercholesterolemia, the αXβ2 

expression was shown to increase on blood monocytes (152). The αX-deficiency 

decreased firm adhesion of monocytes on the adhesion molecules, VCAM-1 and E-

selectin, and reduced atherosclerosis in these mice (37). These studies demonstrated 

that integrin αXβ2 overexpression contributes to the development of atherosclerosis 

associated with hypercholesterolemia, which is pathologically characterized by 

leukocyte activation, migration across inflamed endothelium, and its deposition on the 

arterial walls. Therefore, αXβ2 antagonism could be a conducive approach in treating 

atherosclerotic pathologies in which leukocytes are unconventionally activated due to 

inflammation. The implications of αXβ2 in multiple autoinflammatory pathologies 

indicate that this receptor expressed on the extracellular surface could be a promising 

target for anti-inflammatory therapies. 

Studies undertaken with leukocyte integrin blocking antibodies have shown a 

reduction in delayed-type hypersensitivity, monocyte adhesion to epithelial cells, and 
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inhibition of superoxide production (42, 153). Targeting β2-integrins using antibody-

based therapies has been challenging wherein treatment with efalizumab resulted in 

fatal progressive multifocal leukoencephalopathy (154). Therefore, to overcome this 

challenge, identifying non-antibody-based antagonists of αXβ2 is an attractive 

approach. Despite accumulating literature of small molecule acting as antagonists or 

agonists to β2-integrins, current lack of αXβ2 inhibitors in clinical use could be attributed 

to a substantial gap in knowledge of β2-integrin activation at the molecular level (155-

158).  

Identifying a small molecule antagonist to the αX-I domain and determining its 

binding mechanism can aid in better understanding the αX-I domain’s conformational 

changes, which is directly related to αXβ2 activation. Remarkably, simvastatin has been 

shown to bind to the αM I-domain, a sister homolog of the αX I-domain (107).  

 In this study, we identified hydroxy-form of simvastatin as an αXβ2 antagonist 

and characterized the structural basis for its mode of action. We utilized the following 

biophysical techniques in probing simvastatin- the αX I-domain interaction studies. 

 

Heteronuclear Single Quantum Coherence (HSQC): In the protein 15N-HSQC 

experiment, the nitrogen nuclei within the 15N-labeled protein correlate to hydrogen (1H) 

atoms attached to them (Figure 42). The HSQC spectrum shows one signal for every 

amino acid residue, which is the backbone N-H signal, except for proline, to which no 

peak corresponds (159). 
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Figure 42: Representation of the active route by which magnetization is 
transferred between nuclei by spin-spin J coupling. In the 1H-15N-HSQC, the 
magnetization is transferred from hydrogen to the corresponding 15N nuclei. The 
magnetization is evolved on the nitrogen and then transferred back to the hydrogen 
for detection. 
 
 The acquired 1H/15N spectrum provides a fingerprint of the protein to be used as 

a reference spectrum. A subsequent experiment utilizes a ligand titration approach 

using the ligand to follow changes in the protein target resonances in relation to the 

concentration of the ligand. A significant shift in the resonance position of a peak in the 

protein-ligand spectrum compared to the reference spectrum might show ligand binding 

to the protein. This interaction results in modifications in the interacting sites’ chemical 

environment, and consequently, causes amino acid residue-specific chemical shift 

perturbations of the nuclei at the binding interface or at allosteric sites. The ligand 

titration method allows measurement of protein-ligand dissociation constant (KD) 

through correlations of fractional chemical shift perturbation with total ligand 

concentration, assuming that the rate of complex dissociation (koff) is quick on an NMR 

timescale (159). 

HSQC here involves a transfer of magnetization from the proton’s (1H) nucleus to 

the nitrogen’s (15N) nucleus using the INEPT (Insensitive Nuclei Enhancement by 
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Polarization Transfer) pulse sequence (a signal enhancement method) (Figures 42 and 

43) (160). An INEPT sequence followed by t1 evolution time allows the indirect 

detection of the 15N chemical shifts. The mixing time used corresponds to a reverse 

INEPT sequence. A t2 evolution time enables the direct detection of 1H chemical shifts. 

The proton (1H) exhibits a greater equilibrium magnetization and creates a stronger 

signal (159, 160).  

Saturation Transfer Difference (STD): STD is a powerful NMR method based on 

intramolecular and intermolecular magnetization transfer via the Nuclear Overhauser 

Effect (NOE) (161). NOE is defined as the change in the intensity of one spin when the 

spin transition of another nucleus in the spatial proximity is perturbed from equilibrium 

population due to saturation (162, 163). STD permits the detection of protein-ligand 

interaction and, in favorable cases, allows the ligand epitope to be inferred. The 

chemical exchange of a given molecule between a free state or protein-bound state is 

identified by this experiment (164). For a strong STD signal, the irradiation time of 2 

 

 
Figure 43: Pulse sequence for observing heteronuclear 1H-15N correlations 
using the HSQC experiment. The magnetization from 1H is transferred to the 15N 
nuclei. After refocusing the evolution of the coupling using a centrally placed 1H 
180°pulse in the middle of t1. The magnetization is transferred back to the 1H where 
the correlation is observed t2.  
Adapted from Ljubica Tasic et al. (2015). Monitoring intermolecular and 
intramolecular interactions by NMR spectroscopy. Applications of NMR 
Spectroscopy., Vol. 3, 180-266. 
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seconds and a 100-fold excess of the ligand are typically implemented (165). 

Technically, STD examines the difference between two 1H-NMR spectra acquired from 

two different experiments.  

The first experiment, called the “on-resonance” experiment, involves various 

proton magnetizations of the selectively irradiated protein (Figure 44B). The irradiation 

is carried out through a series of frequency-selective radiofrequency (RF) pulses for a 

 
Figure 44: Illustration of the STD experiment scheme. (A) Schematic view of 
ligand epitope mapping in STD experiment. The protein protons are selectively 
saturated at a specific frequency. The saturation is then transferred to the interacting 
ligand. Depending on the proximity to the protein protons, the ligand proton signals 
are affected differently as indicated by different a colored proton (H) for increasing 
saturation. (B) STD spectrum is generated by subtraction of “on-resonance” spectrum 
from “off-resonance” spectrum. Created with BioRender.com 
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few seconds. The selective saturation is conducted by applying radiofrequency series to 

a frequency window containing protein resonance and not the ligand’s resonances at 

least within 1—2 ppm. The saturation is propagated across the entire protein through 

spin diffusion. It initiates from the point of application to protein protons by 

intramolecular 1H-1H cross-relaxation pathway (165). The interacting ligand picks up the 

saturation of protein protons located at the binding site. This process affects the NMR 

active nuclei of the ligand molecules interacting at the protein binding site. The 

saturation eventually dissociates back into the free solution where the saturated state 

remains (Figure 44A). The ligand continues to exchange on and off the protein while 

saturation energy continues to enter the system through consistent radiofrequency 

application leading to amplification of the signal (159, 163, 165, 166). The on-resonance 

irradiation frequency values are typically fixed at the upfield region at approximately -1 

ppm for protein-small molecule interactions because this spectral region does not 

contain ligand nuclei resonances (161). The significant line width of protein signals 

found in this upfield region allows selective saturation (161).  

In the second experiment, called the “off-resonance” experiment, the irradiation 

frequency is set at a value where no receptor or ligand is present and results in a 

reference spectrum (Figure 44B). The ligand protons that interact with the protein 

protons through the intermolecular NOE exhibit a decrease in intensity in the “on-

resonance” spectrum, whereas intensity variation does not occur in the “off-resonance” 

spectrum (Figure 44B). The intensity of the ligand’s protons is differentially affected, 

depending on their distance to the protein binding site (Figure 44A). Saturation is 

exclusively transferred to protons bound to the protein such that the ligand saturation is 
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higher for the protons that are in closer contact with the protein. The acquired spectrum 

from the “on-resonance” experiment is subtracted from the “off-resonance” spectrum 

(159, 163, 165). The resulting difference spectrum only contains the signals of ligand 

molecules demonstrating binding affinity (Figure 44B). The protein resonance is either 

not visible or is scarcely visible due to its minimal concentration or due to the application 

of relaxation filtering before detection (159). The ligand’s functional groups are identified 

to determine the interacting molecules at the ligand-binding interface (167). Thus, the 

STD technique differentiates binding molecules from the non-binding molecules in a 

protein-ligand mixture. STD proves to be a versatile tool that provides evidence of 

ligand-protein interaction and allows to obtain the ligand epitope mapping (163). 

4.2 Results 

4.2.1 Affinity measurement of a small molecule - simvastatin to the αX I-domain. 

 To determine if the small molecule- the hydroxy form of simvastatin binds to the 

SILEN αX I-domain, we assessed thermal unfolding of the αX I-domain at varying 

simvastatin concentrations using DSF. The hydroxy-acid form of simvastatin used in our 

studies is herein simply referred to as simvastatin. We examined the melting 

temperatures of 11.8 µM αX I-domain with 1 mM Mg2+ at different simvastatin 

concentrations in the range of 0 to 7.5 mM. Interestingly, we observed a decline in the 

melting temperature of the SILEN αX I-domain with the addition of simvastatin beyond a 

concentration of 300 µM. This observation indicated that simvastatin bound to the αX I-

domain and decreased its stability. Simvastatin, in its hydroxy acid form, was found to 

bind the αX I-domain with a low affinity at a KD value of 861± 22 µM (Figure 45).  
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To further validate simvastatin’s affinity to the αX I-domain, we performed an 

HSQC-NMR measurement by titrating increasing concentrations of simvastatin to 25 µM 

15N-labelled SILEN αX I-domain. Since the Ile 314 Gly mutated (SILEN) αX I-domain 

represented the endpoint of the high ligand-binding affinity of the αX I-domain, we could 

observe the maximal affinity of simvastatin to the αX I-domain in this conformational 

state. The acquisition of 15N-HSQC spectra of the SILEN αX-I domain was carried by 

titrating simvastatin. The change in the chemical perturbation (Dd) was measured by the 

peak shift in HSQC spectra of the SILEN αX I-domain residues as shown with a 

representation in an inset box (Figure 46A). We observed that the simvastatin titration 

induced a chemical shift in the SILEN αX I-domain spectra. This observation indicated 

 
Figure 45: Simvastatin binding to αX I-domain decreases its stability.  Decrease 
in the melting temperature (Tm) of the SILEN αX I-domain from 47 oC to 34.7 oC 
observed with increasing concentrations of simvastatin ranging from 0-7.5 mM using 
differential scanning fluorimetry. 
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structural alteration of the αX I-domain due to simvastatin binding. The KD value for 

simvastatin affinity to the SILEN αX I-domain was determined to be 202 ± 18 µM 

(Figures 46A, B). The affinity constant for simvastatin binding to the SILEN αX I-domain 

determined from NMR data agreed with the result from our DSF study.  
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    A. 

 
       B. 

                        
 
Figure 46: The chemical shift perturbation observed in the 1H/15N HSQC 
NMR spectra upon simvastatin titration to the SILEN αX I-domain 
indicated binding of simvastatin to the αX-I domain.  (A) 1D 1H/15N HSQC 
NMR spectra of the SILEN αX I-domain is shown in red and simvastatin-
SILEN αX I-domain complex is shown in blue. (B) Determination of 
simvastatin affinity to the SILEN αX I-domain by plotting the change in 
chemical shift of the SILEN αX I-domain residues upon simvastatin addition. 
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4.2.2 Molecular basis of the simvastatin-αX I-domain interactions. 

Once we established that simvastatin bound to the αX I-domain, we next 

characterized the simvastatin-αX I-domain binding specificity at an atomic level by 

identifying the simvastatin moieties involved in this interaction. First, the predicted 1D 1H 

spectrum of the simvastatin molecule was obtained using the website nmrdb.org (168). 

We next assigned the spectral signals in this predicted 1D 1H spectrum to the 

corresponding protons in simvastatin based on Biological Magnetic Resonance Data 

Bank (Figures 47A, B). This predicted spectrum served as a reference of each proton’s 

spectral position for comparison to the acquired spectra from our STD experiments. The 

classification of protons from the hydroxy-acid simvastatin molecule to the spectral 

position was essentially based on the associated functional groups of the molecule.  

STD-NMR relied on the intermolecular transfer of saturation from the αX I-

domain protons to simvastatin. Simvastatin’s spectral window ranged from 1 to 6 ppm. 

We selectively saturated the αX I-domain outside this spectral window. The 

magnetization was then transferred to simvastatin by spin diffusion. Utilizing the proton 

position of simvastatin based on Biological Magnetic Resonance Data Bank shown in 

Figure 48A, we effectively assigned the proton positions of the simvastatin in our 

experimental 1D 1H spectrum of simvastatin (black line)  and the  STD spectra (red line) 

(Figure 48B).  
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A. 

 
B.  

 
Figure 47: Assignment of each proton present in hydroxy-acid simvastatin to 
the predicted 1D 1H spectrum provided a reference map for the protons’ 
estimated spectral position. (A) Structure of hydroxy-acid form of simvastatin 
identifying each proton in the molecule. (B) Assignment of the signals in the 
predicted 1D 1H spectrum of hydroxy-acid simvastatin to the corresponding proton in 
the chemical structure shown in (A).  
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In our STD experiment, the 1D 1H spectrum of simvastatin is represented by the 

black line (Figure 48B). The STD-NMR spectrum shown in the red line demonstrates 

the proton saturation of the αX I-domain transferred to simvastatin. The simvastatin 

protons’ signals were affected differently depending on their proximity to the αX I-

domain protons displayed as the relative degree of saturation (Figure 48B). Irradiation 

of the αX I-domain at a resonance where no ligand signals were present led to a 

selective and efficient saturation of the αX I-domain by spin diffusion. The building block 

of simvastatin participating in the strongest contact with the αX I-domain showed the 

most intense NMR signals enabling the mapping of simvastatin’s binding epitope.  

Noticeably, in the STD NMR, the aliphatic protons, H32, H33, H34, H35, H36, 

H37, H38, H39, H40, H41, H42, H43, H44, H45, and H46, of the methyl groups (CH3) of 

simvastatin exhibited intermediate intensities at farthest upfield frequency values 

between 0 and —1.3 ppm (Figures 48A, B) (169). This observation suggested that 

these methyl groups’ interaction contributed, to some extent, to the simvastatin-αX I-

domain binding. The weak saturation intensities of H47, H48, H51, H52, H53, H54, H56, 

H57, H58, and H59, of the methylene groups (CH2) present in the vicinity of the 

carboxylic group of simvastatin appeared between 1.3 and —2.0 ppm (169). These 

protons demonstrating low saturation intensities in our STD NMR spectrum also 

indicated their interaction at the binding site of the αX I-domain. The highest degree of 

saturation, which appeared between 3 and 4 ppm, was observed for the H60, H61, H69, 

and H70, protons near the alcohol (-OH) and carboxylate (-COOH) group of simvastatin 

where the lactone ring was cleaved. These protons appear to be inserted into the 

MIDAS region together with the carboxylate and interacts effectively with the protein 
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residues around it. Also, a good degree of saturation for H64 and H65 protons observed 

in our STD spectrum provided evidence for the proximity simvastatin’s carboxylic group 

to the protons of the αX I-domain surface with binding specificity in solution (Figures 

48A, B). The proton chemical shifts and associated coupling comparing the simvastatin 

with lactone-ring and hydroxy-form of simvastatin are listed in Table 16. The definitions 

for chemical shift ambiguity index value can be found in Appendix 3. 

These results suggested that simvastatin’s interaction with the αX I-domain 

occurs through its carboxylic group and potentially through its binding to the Mg2+ at the 

αX I-domain MIDAS. The methyl groups’ proton saturation transfer indicated that these 

hydrophobic moieties possibly stabilize the simvastatin at the binding interface via 

hydrophobic interactions and bury the Mg2+-carboxylate interaction.  

 
 
 
 
 
 
 
 
 
 
 

 

Figure 48: Reference 1D 1H spectrum of simvastatin and saturation transfer 
difference 1H-NMR spectrum of the αX I-domain-simvastatin complex overlayed. 
(A) Chemical structure of hydroxy-acid form of simvastatin depicting each proton in 
the molecule. (B) Reference 1D 1H NMR spectrum (black) of simvastatin and STD-
NMR spectra (red) of the αX I-domain-simvastatin complex demonstrates that protons 
near the carboxyl group reflect closest proximity to the αX I-domain-simvastatin 
binding interface as shown by highest degree of saturation. The methyl groups of 
simvastatin exhibited intermediate saturation intensities at farthest upfield frequency 
values between 0 and —1 ppm. The experiment was carried out at the molar ratio of 
1:40 for the αX I-domain-simvastatin complex. The highest intensity saturation region 
is shown as an inset in 48B. 
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A. 

 
 

 
B.  
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Table 16: Proton chemical shifts for lactone-ring and hydroxy-form simvastatin 
Lactone Ring Simvastatin Hydroxy Form Simvastatin 

Atom ID Chemical 
Shift 

Ambiguity 
Code Atom ID Chemical 

Shift 
Ambiguity 

Code 
Identified 
Coupling 

H31 0.767 1 H32 0.871 1 t 
H32 0.767 1 H33 0.871 1 t 
H33 0.767 1 H34 0.871 1 t 
H37 0.8408 1 H38 1.123 1 t 
H38 0.8408 1 H39 1.123 1 t 
H39 0.8408 1 H40 1.123 1 t 
H34 1.0221 1 H35 0.935 1 d 
H35 1.0221 1 H36 0.935 1 d 
H36 1.0221 1 H37 0.935 1 d 
H40 1.0567 1 H41 1.19 2 s 
H41 1.0567 1 H42 1.19 2 s 
H42 1.0567 1 H43 1.19 2 s 
H43 1.0567 1 H44 1.197 2 s 
H44 1.0567 1 H45 1.197 2 s 
H45 1.0567 1 H46 1.197 2 s 
H57 1.2696 4 H58 1.692 2 ddd 
H50 1.2999 1 H51 1.43 2 td 
H51 1.2999 1 H52 1.43 2 td 
H46 1.4808 1 H47 1.595 2  

H47 1.4808 1 H48 1.627 2  

H65 1.5887 1 H66 2.081   

H52 1.6343 4 H53 1.204 2 d 
H58 1.7029 4 H59 1.72 2 ddd 
H53 1.7659 4 H54 1.204 2 d 
H55 1.8208 4 H56 2.001 2  

H56 1.9716 4 H57 2.018 4  

H67 2.2994 1 H68 2.081 1 dd 
H62 2.3605 1 H63 2.416 1 qdd 
H59 2.3809 4 H60 3.697 2 d 
H61 2.3969 1 H62 2.516 1  

H60 2.626 4 H61 3.711 2 d 
H64 4.1021 1 H65 3.794 1 tt 
H63 4.47 1 H64 4.163 1 tt 
H66 5.2093 1 H67 5.396 1 dd 
H54 5.5038 1 H55 5.727 1  

H48 5.782 1 H49 6,012 1 dd 
H49 5.9647 1 H50 6.132 1 d 
H68 3.549 1 H69 3.773 1  

   H70 3.61 1  
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To further ascertain the molecules involved in simvastatin’s interaction to the αX 

I-domain, molecular docking of simvastatin to the αX I-domain was carried out using the 

Glide docking tool of Schrödinger Induced Fit Docking program. Modeling of 

simvastatin-αX I-domain complex demonstrated that carboxylate moiety of simvastatin 

directly interacts with the Mg2+ and the surrounding residues, Thr 207, Ser 140, Ser 

142, Glu 244 through hydrophilic interactions. The residues Phe 206, Gly 205, and Gly 

141 exhibited hydrophobic interactions with the methyl groups of simvastatin (Figure 

49A). This docking result depicting hydrophobic interactions was in agreement with our 

STD-NMR data. Interestingly, the carboxylate group of simvastatin interacting with Mg2+ 

was buried in the ligand-binding site and stabilized by hydrophilic interactions as I 

predicted in our STD study. This interaction site was further surrounded by the 

hydrophobic residues and stabilized by van der Waals interaction (Figure 49B).  

In previous structural studies using X-ray crystallography by the Jensen group, 

simvastatin was also shown to bind to the αM I-domain, a sister homolog of the αX I-

domain (107). The αX I-domain residues such as Phe 206, Thr 207, Gly 141 correspond 

to the residues-Arg 208, Thr 209, Gly 141 of the αM I-domain, respectively (Figures 

49B, D).  
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Figure 49: Molecular docking of simvastatin to the αI-domains reveal key 
amino acid interactions. (A, B) Molecular docking of simvastatin to the αX I-domain 
revealing that the carboxyl group of hydrolyzed simvastatin associates with Mg2+  at 
the MIDAS through hydrophilic interactions with Ser 140, Ser 142, Thr 207, and Glu 
244 (shown in dotted lines), whereas the spiked red arcs  represent the aromatic 
moiety of simvastatin interacts with Gly 141, Gly 205, and Phe 206 through 
hydrophobic interactions. (C, D) Molecular docking of simvastatin to the αM I-domain 
demonstrates that the negative electron density of simvastatin (shown in red mesh) 
potentially indicates that structural assignment of simvastatin in its crystal complex 
with the αM I-domain is possibly not be the best representation for demonstrating the 
molecular basis of simvastatin binding. 
Molecular docking studies conducted and figure generated by Dr. Yanyun Liu (Briggs 
Lab). 
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Using density-difference maps, we evaluated the structural quality of the 

simvastatin-αM I-domain binding region. Two of the common ways to evaluate electron 

densities are by using F0-Fc and 2F0-Fc density-difference maps.  

F0 is the observed structure factor amplitude that is used in calculating the direct 

experimental map. Fc is the structure factor calculated from a model (170). A positive 

density in the F0-Fc map is observed in the areas where the model has missing atoms. A 

negative density in the F0-Fc map is exhibited for the areas where the model contains 

atoms that should not be present. Therefore, the F0-Fc density-difference map, typically 

contoured at (+) and (-) 3	𝜎, depicts where the experimental data and the model differ 

(171). In the 2F0-Fc density-difference map, the observed structure factor amplitudes are 

weighted heavily such that even the areas where the model and data agree will be 

covered by electron density. Therefore, the atoms that should not be at their current 

positions in the model will have little to no electron density, whereas the empty peaks 

mark positions where atoms must be added to the model to agree with the data (171).  

In the crystal structure of the αM I-domain-simvastatin complex, the electron 

density of simvastatin is not properly formed in the crystal lattice. The F0-Fc density-

difference map indicated negative density (red mesh) for most moieties of simvastatin in 

the crystal structure model (Figure 49C) despite the reported high resolution of 2 Å. This 

implied that these constituents of simvastatin in the crystal complex were highly flexible 

and averaged out or even not present. In the 2F0-Fc difference density map, we 

observed little to no electron densities of simvastatin near the aromatic ring and 

hydrocarbon chain next to the carboxylic group, which indicated that these molecules 

were perhaps incorrectly positioned in the model. The αM I-domain-simvastatin complex 
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was determined by soaking the αM I-domain crystal in a 1 mM simvastatin solution and 

was not co-crystallized (107). Studies have reported that soaking of preformed crystal to 

simvastatin-containing crystallization liquor can have some disadvantages, such as the 

binding mode observed in a soaked structure may not accurately represent the solution 

binding mode, which is pertinent to any steric hindrance or protein conformational 

changes (172, 173).  

Typically, the ligand-protein binding is stabilized by intermolecular forces. On 

comparing with the αX and αM I-domain-simvastatin complex obtained from molecular 

docking studies, the assigned molecular constituents in the αM I-domain-simvastatin 

crystal complex should likely be stabilized by hydrophobic and van der Waal’s 

interactions (Figures 49A, C).  An interesting observation was that the orientation of 

simvastatin-αX I-domain complex from our docking studies showed that the spatial 

arrangement differed from that of the simvastatin-αM I-domain complex; the decalin 

moiety was flipped horizontally thereby showing characteristics of a diastereomer (Fig. 

49C, D). 

4.2.3 Simvastatin decreases αX I-domain affinity to its natural ligand-iC3b. 

To further characterize the effect of simvastatin, we conducted a SPR binding 

assay at varying concentrations of simvastatin. To the sensor chip immobilized with 

iC3b, 10 µM of the SILEN αX I-domain at different concentrations of simvastatin ranging 

from 0 to 500 µM were injected. We observed a progressive decrease in sensogram 

signal response with an increase in the simvastatin concentration (Figure 50A). This 

data demonstrated that simvastatin showed an antagonistic effect for binding of the 
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A.  

 
B.   

 
Figure 50: Simvastatin acts as an antagonist of the αX-I domain binding to the 
ligand, iC3b. (A) SPR binding assay demonstrated a decrease in the sensogram 
response for the SILEN αX I-domain with increasing simvastatin concentrations 
ranging from 0—500 µM. (B) Determination of the half-maximal inhibitory 
concentration (IC50) of simvastatin to the SILEN αX I-domain binding to iC3b by 
plotting the relative sensogram response of the SILEN αX I-domain upon increment 
in simvastatin concentration. 
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SILEN αX I-domain to its ligand- iC3b and its half-maximal inhibitory concentrations 

(IC50) was determined to be 44.6 ± 8.5 µM (Figure 50B).  



 

136 

In chapter 4, we demonstrated for the first time that simvastatin interacts with the 

αX I-domain with an affinity in the micromolar range. Our DSF and NMR studies 

reported the simvastatin affinity to the αX I-domain at KD of 861± 22 µM and 202 ± 18 

µM, respectively. From our STD-NMR and molecular docking studies, we elucidated the 

binding mode of interaction between simvastatin and the αX I-domain. Our molecular 

docking results depicted that the carboxylate moiety of simvastatin directly interacts with 

the Mg2+ and the surrounding residues have extensive hydrophobic interactions with the 

methyl groups of simvastatin. The evidence for these hydrophobic interactions was 

provided by observations in our STD-NMR studies in which the methyl groups of 

simvastatin exhibited saturation transfer. Subsequently, we showed that simvastatin 

antagonizes the αX I-domain binding to its ligand- iC3b with an IC50 of 44.6 ± 8.5 µM. 

Integrins are known to interact with their ligand through an invariant negatively 

charged residue. The carboxylic group of simvastatin endows similar interaction for its 

binding to the αX I-domain. Therefore, our studies on the characterization of simvastatin 

interaction with the αX I-domain binding could provide advancement in understanding 

the molecular basis of interaction for the αX I-domain to its ligands and a platform to 

understand the basis behind differences observed among binding affinities of the αX I-

domain to its multiple ligands.  

4.3 Discussion  

4.3.1 Molecular basis of simvastatin-the αX I-domain interaction. 

Statins act as immunosuppressants independent of their cholesterol lowering 

abilities (108). Studies have reported that simvastatin affects the intraepithelial 

lymphocytes and lovastatin alters the leukocyte distribution in Peyer patches (109, 111). 
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These studies suggest that statins’ contribution to the immunomodulatory effects is 

linked to the gut-associated secondary lymphoid tissues that respond to gut-derived 

antigen from food and microbes. The secondary lymphoid tissues support maturation of 

T cells and are the hub of adaptive immune responses wherein interactions between 

lymphocytes and antigen-bearing dendritic cells are facilitated. These myeloid dendritic 

cells express αXβ2 which assist in their migration and drain into the Peyer patches upon 

encountering the antigens (174). The αXβ2 antagonism could be one of the therapeutic 

strategies to regulate immune response. Therefore, we characterized the molecular 

basis of simvastatin binding to αXβ2 and its role in integrin conformational changes. 

4.3.1.1 Simvastatin binds to the αX I-domain. 
 

In our studies, we showed that simvastatin binds to the αX I-domain MIDAS with 

mid-micromolar range affinity. This finding agrees with the studies reporting lower 

micromolar range affinity for simvastatin binding the αM I-domain at the MIDAS motif as 

competitive antagonist (107) whereas simvastatin, lovastatin, and mevastatin binding to 

the distal site of αL I-domain as allosteric antagonists (110). We also identified that the 

hydroxy acid form of simvastatin actively binds to the αX I-domain through its 

carboxylate group. 

The molecular modeling of simvastatin-αX I-domain complex showed the 

carboxylate moiety of simvastatin to directly interact with the Mg2+ and the surrounding 

residues at the αX I-domain MIDAS through hydrophilic interactions. This hydrophilic 

binding interaction was further buried by hydrophobic residues and stabilized by van der 

Waals interactions. In comparison, in the simvastatin-αM I-domain complex, the 

positively charged residue Arg 208 in the αM I-domain is present instead of the 
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hydrophobic residue Phe 206 in the αX I-domain (Figures 51A, B). On comparing the 

spatial arrangement of simvastatin-αX- and αM-I-domain complexes, the orientation of 

decalin moiety of simvastatin differed. 

We identified that the simvastatin binding to the αX I-domain differed from that of 

the αM I-domain based on their differences in charge, hydrophobic properties, and 

spatial arrangement of binding. Despite high homology between the αX and αM I-

domain, these differences in the mode of binding of simvastatin offers us a promising 

scaffold to design integrin-specific inhibitors in the future studies.  

Studies have shown that the ligand affinity to integrins is highly favored by low 

dielectric environment propensity which validates the propensity of MIDAS motif to be 

buried in the hydrophobic core with hydrophobic residues surrounding the hydrophilic 

interactions of Mg2+ (175). Even though both αXβ2 and αMβ2 bind to negatively 

A.                                                   B.        

                         
αX I-domain                                       αM I-domain 

 
Figure 51: Crystal structures of the αX I-domain and the αM I-domain showing 
corresponding amino acid differences at MIDAS. (A) The hydrophobic residue-
Phe 206 and positively charged residue-Lys 242 of the αX I-domain are substituted 
by the corresponding (B) positively charged residue-Arg 208 and negatively charged 
residue Glu 244, respectively, in the αM I-domain. 
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charged molecules, considerable evidence has shown that only αMβ2 is inclined to bind 

cationic species as well such as myelin basic protein (MBP) (60), cathelicidin 

antimicrobial peptide LL-37 (176), pleiotrophin (61), and opioid peptide dynorphin A 

(62), all of which has overall positive charges. 

The αX I-domain differs from the other αI-domains by a groove that contains 

positively charged residues running through the MIDAS. For example, in the αM I-

domain, this positively charged groove is interrupted by the substitution of the αM-Glu 

244 instead of the αX-Lys 242 residue (Figure 51A, B). These molecular properties 

could be beneficial in designing integrin-specific and potent derivatives of the 

simvastatin. For example, a lovastatin-based αLβ2 inhibitor called LFA703, a designed 

compound, that showed increased inhibitory activity of αLβ2 but did not affect the HMG-

CoA reductase capability is a good example of development of second generation 

repurposed drug (110). 

4.3.1.2 Simvastatin antagonizes the binding of the αX I-domain to its ligands. 
 

Our affinity measurements showed that simvastatin antagonizes the binding of 

the αX I-domain to its natural ligand, iC3b at the half maximal inhibitory concentration 

(IC50) of 44.5 µM in SPR assay and 62 µM in cell-based assay (performed by Zeinab 

Moussa from our lab). These findings agree with the study that identified simvastatin to 

interact with the αM I-domain and acted as an antagonist to αMβ2 binding to iC3b with 

an IC50 of 35 µM (107). The effectiveness of statins is dependent on their local 

concentration in the tissues. Two individual studies have reported that the plasma 

concentrations of statins are in the low nanomolar range (177, 178). However, statins 

are excessively degraded before being available in the blood, thereby leading to the 



 

140 

nanomolar plasma concentrations. These low concentrations of statins would not be 

effective since simvastatin’s IC50 from our affinity studies along with cellular assays 

reported by other groups depict that statins’ inhibitory role to integrins are observed only 

in the micromolar range (107, 110, 113). 

One explanation to justify integrin’s sensitivity to simvastatin inhibition is that 

statins reach the mucosal immune system before the liver or plasma (107). For 

instance, experimental evidence has shown that the concentration of rosuvastatin is 

~500-fold higher in the bile than in plasma indicating that statins are possibly active in 

intestinal environment (179). The concentration of statins in the environment of 

intraepithelial leukocytes and vital lymphoid tissues is likely to be higher than in the 

blood plasma but requires further investigation.  

 Herein, using NMR techniques, molecular docking approach, and binding 

assays, we identified the first αXβ2 competitive antagonist, simvastatin, and 

characterized the molecular interactions of simvastatin with the αX I-domain. In 

summary, understanding the molecular basis of simvastatin interaction to the αX I-

domain opens perspective of targeting the αX I-domain MIDAS motif by inhibitors 

structurally derived from simvastatin which can provide a platform to advance the 

development of selective and potent αXβ2 antagonists for autoimmune therapies.  

4.4 Future Directions  

4.4.1 Developing simvastatin-derived αXβ2 antagonists. 

To identify the αXβ2 antagonist and determine the molecules of the αX-I domain 

involved in ligand-binding interactions, we conducted biophysical characterization by 

using NMR and molecular docking approaches. Structural and biophysical 
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characterization are important studies for understanding structural features of integrins 

and can provide insights in designing small molecule inhibitors or activators of β2-

integrins. While our study paved a way for future studies on simvastatin-derived drug 

design to target αXβ2, further work is required to understand the integrin activation 

mechanism in light of allosteric structural changes occurring in integrin. The X-ray 

crystallography method has better application for stationary and rigid proteins, 

contrasting to the integrin’s structural dynamic features. αXβ2-ligand interactions 

elucidated by negative EM images could provide structural information on the changes 

in the ligand binding interface of αXβ2. However, there is a concern that negative stain 

EM would introduce conformation bias to αXβ2-ligand complex formation since the 

sample preparation would involve heavy metal stain, absorbing on carbon film and 

dehydration (180). Intriguingly, mechanistic insights into integrin αVβ8 ligand specificity 

and TGF-β activation has been provided using single particle cryo-EM in which αVβ8 in 

its intermediate conformations of extended closed state was able to elicit integrin 

activation mechanisms (181). Therefore, for better authenticity, cryo-EM using 

phospholipid nanodiscs would be a remarkable approach for revealing binding 

interactions between αXβ2 and its ligands like fibrinogen, iC3b or small molecules in 

better resolution and closer to physiological condition on cell surface. This information 

would be valuable in guiding structure-based drug design of αXβ2 inhibitors or 

activators. 
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4.4.2 Study the effects of transition metals on the αX I-domain conformation and 

examine flexible regions of the αX I-domain.  

In this study, we showed that the thermodynamics profile of the αX I-domain 

differs on binding to different cations- Mg2+, Mn2+, and Ca2+. We specifically elucidated 

the Mg2+-dependent structural changes occurring in the αX I-domain that progresses the 

αX I-domain to a ligand binding-competent state. Changes in integrin-ligand affinity 

have been observed as a function of cations like Mg2+, Mn2+, Ca2+, and Zn2+ (138, 182-

184). αI-domain crystal structures have also been observed in presence of Co2+, Cd2+, 

Ni2+, and Zn2+ (185). It would be interesting to examine if the αX I-domain and then other 

αI-domains could bind different divalent cations (ITC and CD studies), if and how 

structural heterogeneity is introduced (SAXS) in solution and if these cations alter 

integrin affinity and conformation (SPR and cell based-assays). The side chain pH 

titration NMR studies could be used to directly determine if the pKa changes of the 

MIDAS aspartate residues occur in solution. In addition, the computational 

metadynamics metainference approach used for obtaining an ensemble of models for a 

structurally heterogenous system can be implemented to characterize the transition 

states of the αX I-domain observed in our SAXS and NMR studies.  

The conformational flexibility of the integrin assumes a central role in the 

molecular mechanism of integrin-ligand interactions. The global and local 

conformational changes of the WT and SILEN αX-I domain, and αXβ2 can be analyzed 

in the presence and absence of Mg2+ and simvastatin, respectively, via hydrogen/ 

deuterium exchange (HDX) mass spectrometry and NMR-HDX. These approaches 

would allow monitoring of time-dependent exchange of labile hydrogens to the solvent 
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rich in deuterium to provide site-specific information on local stability and exploring the 

impact of slower timescale dynamic events. The mapping of the peptide fragments’ 

shifts would elucidate the most flexible regions. NMR-HDX studies on the α1 I-domain 

of the collagen binding α1β1 integrin has shown that ligand-binding event was 

associated with significant conformational changes in the αC and α7 helices of α1 I-

domain which in turn demonstrated the relationship between local destabilization and 

propensity of allosteric structural changes (186).  

In the αI- and βI- domains, the α1- and α7- helices are mechanically working in 

concert in shifting MIDAS between the low-affinity to high-affinity I-domain state. 

Besides, the significant change in the α7-helix, a conserved phenylalanine residue in 

the αI-α1 helix has been shown to be critical in stabilizing the movement of β6-α7 loop 

and α7- helix on transitioning to higher ligand-affinity state (187). Notably, a unique β6-

α7 loop conformation in αVβ8 has shown to facilitate movement of the α1 helix which is 

present at the ligand binding pocket of the β8 βI-domain (analogous to the αI-domain) to 

transition it to high affinity state but without coupling β6-α7 loop reshaping and the α7-

helix pistoning that is generally observed in other integrins (188). It would be very 

interesting to investigate these site-specific changes in the αX I-domain which can help 

in discerning the allosteric mechanism involved in ligand binding of the αXβ2. 
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APPENDICES 

Appendix 1: Composition of media used for Escherichia coli culture to express 

the αX I-domain 

Luria-Bertani (LB) Media  

For one liter of LB broth, 10 g tryptone, 5 g yeast extract, and 10 g NaCl were 

dissolved in 800 mL of water. The mixture was ensured to maintain a pH of 7.4, and 

water was added up to one liter. The broth was autoclaved. For plates, 15 g of agar was 

added to the broth to achieve a final concentration of 1.5%. 

5X M9 Solution  

5X M9 solution was prepared by adding 64 g Na2HPO4.7H2O, 15 g KH2PO4, AND 

2.5 g NaCl to 1 L MilliQ water and autoclaved.  

Solution Q 

One liter of Solution Q contained 8mL of 5M HCl, 5 g FeCl2, 185 mg CaCl2, 64 

mg H3BO3, 18 mg CoCl2, 4 mg CuCl2, 605 mg Na2MoO4, and 40 mg MnCl2.4H2O. 

M9 Minimal Media  

372 mL of water was autoclaved, to which 100 mL volume of autoclaved 5X M9 

solution was added. This solution was supplemented with 1 mL of 1M MgSO4, 50 µL of 

1M CaCl2, 5 mL of 100X Vitamin Solution (Sigma), 2 mL of Solution Q, 10 mL of 20% d-

glucose, 5 mL of 0.1 g/mL NH4Cl, 5 mL of 0.1 g/mL (NH4)2SO4 after each of these 

solutions was filter sterilized.  
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Appendix 2: Composition of SDS-PAGE gels to prepare one gel 

Resolving gel containing 12% acrylamide 

40% Acrylamide/Bis-acrylamide (Bio-Rad) 1.2 mL 

1.5 M Tris-HCl, pH 8.8 1.3 mL 

10% SDS 200 µL 

30% Ammonium Persulfate 10 µL 

TEMED 4 µL 

deionized H2O 1.4 mL 

 

Stacking gel containing 4% acrylamide 

40% Acrylamide/Bis-acrylamide (Bio-Rad) 250 µL 

1.0 M Tris-HCl, pH 6.8 250 µL 

10% SDS 100 µL 

30% Ammonium Persulfate 8 µL 

TEMED 4 µL 

deionized H2O 1.95 mL 
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Appendix 3: Chemical shift ambiguity index value definitions 

 The values other than 1 are used for those atoms with different chemical shifts that 

cannot be assigned to stereospecific atoms or to specific residues or chains. 

 

 
 
 
 
 
 
 
 
 
 

Index 
Value  Definitions 

1  
Unique (including isolated methyl protons, geminal atoms, and 
germinal methyl groups with identical chemical shifts) 

2 Ambiguity of geminal atoms or geminal methyl proton 

3 
Aromatic atoms on opposite sides of symmetrical rings (e.g. TYR 
HE1 and HE2 protons)  

4 Intra-residue ambiguities 
5 Inter-residue ambiguities  

6 Intermolecular ambiguities  

9 Ambiguous, specific ambiguity not defined  


