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CHAPTER 1 

INTRODUCTION 

 

1.1 Understanding the physicochemical sensitivity of phosphatidylserine recognizing 

proteins 

 

The work presented in this thesis is an effort to gain a more holistic understanding of 

physicochemical regulators that drive the membrane selectivity of proteins that recognize 

phosphatidylserine (PS). To date, more than forty PS-binding proteins have been identified [1, 2, 

3]; however, what has been largely lacking is the general approach for describing and 

understanding PS/protein interaction in the membrane context. While the importance of various 

physicochemical properties of lipid membranes in protein/lipid interactions has been more 

progressively recognized since the proposal of the fluid mosaic model in the early 1970s [4], 

most studies in the field have focused on one or two aspects of the lipid membrane, unable to 

account for the important synergistic effects arising from multiple factors. Strides in resolving 

the structure of membrane binding proteins in solution or in crystal have enabled molecular-level 

description of protein-lipid interactions; however, these studies tend to focus on local chemical 

identities at the expense of general membrane properties and their effects on protein structural 

arrangement. 

 

The work presented here clearly demonstrate the necessity of considering both the physical and 

chemical properties of the membrane in understanding lipid-protein interactions. In doing so, a 

generalizable approach for understanding lipid-protein interactions has emerged. First, the 
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interaction configuration of the membrane-bound protein is proposed by combining molecular 

dynamics simulations with experimental methods such as x-ray reflectivity from lipid 

monolayers with proteins adsorbed. Then the lipid-protein interaction is decomposed into various 

possible interactions components, such as electrostatic and hydrophobic interactions, which are 

then probed using biochemical assays by varying relevant physical and chemical parameters as 

possible modulators for the membrane selectivity of the protein. The newly identified interaction 

components are treated as new dimensions in the parameter space that determines the lipid-

protein interaction. Lastly, possible interplay and synergetic effects among the previously known 

and added parameters are further examined for a holistic view of the possible behavior of the 

protein within the parameter space. 

 

1.2 A physical chemistry approach to study the PS recognition mechanism of the Tim and 

MFG-E8 proteins 

 

This framework of interaction components is borne out of studying four proteins with vital roles 

in the innate immunity system. These four proteins include three members of the T cell 

immunoglobulin and mucin domain (TIM) family - Tim1, Tim3, and Tim4 - and milk fat globule 

epidermal growth factor 8 (MFG-E8), with Tim3 (Chapter 3) and MFG-E8 (Chapter 4) being the 

focus of this thesis. While these proteins share the common interaction with PS, essential for 

their distinct physiological functions, their differential sensitivity to PS was elusive. The Tim 

proteins are cell surface proteins that survey the local environment with a calcium-dependent PS 

binding domain, while MFG-E8 is soluble and contains a calcium-independent PS binding 

domain. As these four proteins play critical roles in disease and health, they were chosen to give 
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a collective and compelling example that validates the physicochemical/biophysical approach to 

understanding immunological regulation mechanisms. Adopting the approach of structure-

informed physicochemical sensitivity studies, the lipid-protein interactions involving the four 

proteins, in particular Tim3 and MFG-E8, have been systematically examined and elucidated. 

New plausible factors in Tim3 regulation were discovered, confirming the suitability of the 

approach. 

 

A diverse set of physical chemistry tools were prerequisite for carrying out studies for the 

various parts of the framework. Molecular dynamics simulations and x-ray reflectivity methods 

were employed together for resolving protein configuration upon interacting with lipids. 

Fluorescence spectroscopy experiments were used to quantify the binding free energy of the 

lipid-protein interaction under various conditions. X-ray fluorescence experiments were 

performed and data analytical software tools were built to provide information on the 

sequestration of Ca2+ by the lipid membrane. 

 

1.3 Organization 

 

Chapter 2 provides an introduction to the experimental and computational tools employed in this 

thesis work, and the relevant background information in understanding the role of PS in 

physiological pathways involving various receptors, especially the Tim’s and MFG-E8. Chapter 

3 introduces the methodology of the thesis. Chapter 4 describes findings pertinent to the 

interaction of the Tim proteins with PS-containing membranes, with a particular focus on Tim3. 

Chapter 5 details findings on the interaction of MFG-E8 with PS-containing membranes. Chapter 
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6 presents the development and testing of a graphical user interface tool for intuitive and 

accurate analysis of total external reflection x-ray fluorescence data to aid the analysis of calcium 

sequestration in the context of Tim binding to the lipid membrane, as well as to make this highly 

accurate and widely applicable experimental technique more accessible. 

 

1.4 References 

 

1. Stace, C. and Ktistakis, N. Phosphatidic acid- and phosphatidylserine-binding 

proteins. Biochimica et Biophysica Acta - Molecular and Cell Biology of Lipids. 2006, 1761, 

8, 913–926.  

2. Zhou Z. New Phosphatidylserine receptors: clearance of apoptotic cells and more. 

Developmental Cell. 2007, 13, 6, 759-760. 

3. Armstrong, A. and Ravichandran, K.S. Phosphatidylserine receptors: what is the new 

RAGE? EMBO reports. 2011, 12, 4, 287–288. 

4. Singer SJ; Nicolson GL. The fluid mosaic model of the structure of cell membranes. Science. 

1972, 175, 720-731. 
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CHAPTER 2 

PS-SENSING PROTEINS AND THEIR PHYSIOLOGICAL RELEVANCE 

 

2.1 Phospholipids in the cellular membrane 

 

Cellular membranes are mixtures of protein and lipids. Among these lipids, about 70% are 

phospholipids, while the other 30% are mainly cholesterol and sphingomyelin. Among the 

phospholipids, the majority are neutral in charge. These phospholipids contain a hydrophobic 

tailgroup with two acyl chains attached to the glycerol group, and a headgroup containing a 

phosphate group and another characteristic group. While lipid molecules used to be viewed as 

the inert backdrop for membrane protein functioning proposed in the influential mosaic fluid 

model in the 1970s [1], their active roles in regulating crucial aspects of cellular functioning have 

been increasingly studied and recognized. 

 

The diversity of lipids often evades attention. To date, over forty thousand lipid molecules have 

been studied or described in the LIPID MAPS Structure Database, of which close to ten thousand 

are phospholipids [2]. Phospholipids can be broadly classified by their headgroup type. As such, 

the zwitterionic phosphatidylcholine (PC) is the most abundant, representing 40 to 50% of all 

phospholipids [3]. Next to PC is phosphatidylethanolamine (PE), which represents 20 to 50% of 

all phospholipids [4]. A significant portion of cellular phospholipids is negatively charged, 

among which the first two most abundant are phosphatidylserine (PS) and phosphatidic acid 

(PA). PS is the most abundant negatively charged lipid in cellular membranes, representing 

about 7 to 15% of phospholipids [3, 4], and PA represents about 1 to 4% [4]. Representative 
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structures of these lipids are seen in Figure 2.1. The tailgroup of phospholipids are very diverse 

in the lengths of both acyl chains, and the number of saturation sites on each chain. Both the 

chain length and the number of saturation sites are tightly controlled in eukaryotic cells, 

reflecting the importance of both parameters [5]. In vertebrates, the average acyl chain length is 

around 18 carbons, with around 40% saturated chains, and 60% unsaturated chains, including 

mono- and poly-unsaturated [5]. 

 

Figure 2.1: representative lipid structures. (a): 1-pamiltoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC). (b): 1-pamiltoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine 
(POPE). (c): 1-pamiltoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS). (d): 1-pamiltoyl-2-
oleoyl-sn-glycero-3-phosphatic acid (POPA) (sodium salt). 
 

Eukaryotic cells generally maintain a compositional asymmetry across the inner leaflet and outer 

leaflet of the plasma membrane, facilitated by ATP-consuming enzymes termed flippase and 

floppase [6]. In this asymmetry, phospholipids in the outer leaflet contains predominantly PC, 

and low levels PE, perhaps to avoid nonspecific adhesion from positively charged entities in the 

extracellular environment [7]. In contrast, PS lipids almost exclusively reside in the inner leaflet 

[7]. Exposure of PS from the inner leaflet to the outer leaflet can be facilitated by enzymes called 

scramblases [7], and is a strong cellular signal for the induction of a variety of cellular events, 

depending on the cell type and possibly the particular physiologic condition. On platelet 
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membranes, exposure of PS marks the onset of a cascade of interactions leading to blood 

coagulation [8]. PS exposure is also a hallmark of apoptosis that various apoptotic receptors 

recognize to the effect of guiding efficient phagocytosis of these dying cells [9]. This 

phagocytosis pathway could also be hijacked by viruses with PS exposed in their lipid coating to 

coax engulfment by phagocytes, thus leading to the infection of these cells [10]. Other important 

biological processes that dependence on the exposure of PS include myotube formation, vesicle 

fusion, cell division, sperm capacitation, and many others [11]. 

 

 

Figure 2.2: schematic of the asymmetry of the plasma membrane and the enzymes involved. 
Adapted from [7]. Written permission granted by the publisher. 

 

2.2 PS-binding proteins 

 

PS exposure induces downstream events, such as phagocytosis of apoptotic cells and blood 

coagulation, via interacting with PS receptors in the extra cellular fluid, in the blood, or on the 

membrane surface of other cells. A growing array of more than forty proteins has been found to 

recognize PS [12, 13, 14]. These receptors have been found to interact with PS via two general 

ways: 1) charge-charge interaction between basic amino acid residues and the PS headgroup, and 
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2) via recognizable domains, such as the annexin core domains, the protein kinase C (PKC)-like 

C2 domains, the discoidin-like C2 domains, the Gla domains, and the immunoglobulin domains 

[12]. Such PS-binding domains are shared within a protein family, or across multiple families to 

serve as building blocks for more complex functional proteins. For example, the annexin core 

domain is shared within the annexins, while the PS-binding PKC-like C2 domain is shared 

among diverse proteins, including PKC, synaptotagmin, and rabphilin [12]. The T cell 

immunoglobulin and mucin domain (Tim) family protein share a calcium-dependent PS-binding 

immunoglobulin (Ig) domain [3, 4], while MFG-E8 contains a calcium-independent PS-binding 

PKC-like C2 domain [15]. Associated with these diverse PS receptors are diverse cellular events 

mediated by these players, as discussed in the previous section. 

 

2.3 Model System 1: Tim Proteins 

 

The Tim protein family in humans includes Tim1, Tim3 and Tim4. The three Tim proteins share 

common structural features, including a well folded immunoglobulin (Ig) domain at their N-

terminus, a mucin domain connection to the plasma membrane, a transmembrane domain, and a 

C-terminal tail buried in the membrane, as seen in Figure 2.3a [16]. In addition, they share a 

calcium-dependent PS binding site on the Ig domain [17, 18]. Despite similarities in their 

structure and ligand binding, the Tim proteins serve distinct and often opposing physiological 

functions. In particular, Tim4 enables macrophages and other phagocytes to attach to target 

membranes bearing high levels of PS (such as apoptotic cells). Tim1 is a positive effector of T 

cell immunity [16, 19, 20, 21], while Tim3 is an immune checkpoint receptor that dampens 

immune response [22]. 
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This family of protein was chosen for the studies undertaken in this thesis due to their significant 

physiologic relevance, and their puzzling differential interaction pattern with PS despite of their 

similar structures. The crystal structures of the Ig domains of Tim1 (protein data bank code: 

2OR8) [18], Tim3 (3KAA) [23], and Tim4 (PDB code: 3BI9) [24] have been resolved. As seen 

in the overlaid crystal structures in Figure 2.3b, the Ig domains of the three Tim proteins looked 

very similar. The root mean square deviations (RMSD’s) between of the pair-wise comparison 

are all smaller than 1.5Å. The main deviation among them comes from the flexible peripheral 

loops. 

As this thesis is focused in particular on Tim3, additional physiologic background information on 

Tim3 is provided here to better contextualize the studies presented later on in Chapter 3.Tim3 is 

an immune checkpoint receptor expressed on the surface of a variety of immune cell types 

including T helper 1 cells, effector T cells, regulatory T cells, macrophages, and natural killer 

cells [22]. It functions in the negative regulation of immune responses [25]. Tim3 suppresses 

autoimmune and alloimmune responses and promotes peripheral immune tolerance [26]. Both its 

over- and under-expression evoke pathological responses. On the one hand, blocking Tim3 

activity with specific antibodies leads to spontaneous autoimmune reactions [26, 27]. On the 

other hand, overexpression of Tim3 is associated with various disease states, such as tumor 

growth [28, 29, 30], autoimmune disorders [27], type I diabetes [27], and chronic viral infections 

like the hepatitis C [31, 32, 33], hepatitis B [34, 35], AIDS [36], and influenza [37]. 

Immunosuppression via Tim3 could be exploited in the treatment of immune disorders [38, 39], 

such as various types of cancer [40, 41, 42, 43, 44], multiple sclerosis [45, 46], and acute 

alcoholic hepatitis [47]. 
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Figure 2.3: structures of the Tim proteins. (a): (adapted from [16]. Written permission for 
reuse in thesis granted by publisher.) Schematic representation of Tim protein structures. The 
glycosylation sites in IgV domains are approximately positioned according to the crystal 
structures. Glycosylation sites in the mucin domain were predicted with NetOglyc and NetNglyc 
and are positioned approximately. (b): Overlay of the three Tim proteins by minimizing RMSD. 
Here deep blue represents high structural similarity, while red represents high level of disparity. 
The pair-wise RMSD values were 1.34, 1.27, 1.40 for Tim1-Tim3, Tim1-Tim3, and Tim3-Tim4 
respectively. (c): Overlay of the Tim proteins by color. Yellow: Tim1, gray: Tim3, red: Tim4. 
 

While the role of Tim3 as an immune checkpoint receptor is widely accepted, its mechanism of 

action is poorly understood and, at present, confusing due to its potential interaction with a 

variety of ligands [16]. Among these are galectin-9 [48], certain carbohydrates [49], PS [50], 

high-mobility group protein-1 (HMGB-1) [51], Ceacam-1 [52] and Tim4 [53]. Tim3 could 

participate in immunosuppression by galectin-9 [48, 54, 55, 56, 57, 58, 59]; however, galectin-9 

does not interact with Tim3 specifically, and participates in several critical immune functions 

independent of Tim3 [60, 61, 62, 63, 64]. Moreover, the function of Tim3 as a receptor for 

galectin-9 has been questioned [65]. The binding of PS by the Tim3 on the plasma membrane of 
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macrophages facilitates their phagocytosis of apoptotic cells [66]. The interaction of Tim3 with 

HMGB-1 interferes with the recruitment of nucleic acids into the endosomes of dendritic cells, 

thereby diminishing the immunogenicity of nucleic acids released by dying tumor cells [51]. 

Ceacam-1 was reported to bind Tim3 with 1:1 stoichiometry, thereby promoting the maturation 

and surface expression of Tim3 [52]. These diverse players complicate the analysis of the 

molecular basis for the physiological functions of Tim3. 

 

2.4 Model System 2: MFG-E8 

 

As the Tim proteins share the calcium-dependent PS binding Ig domain, milk fat globule-

epidermal growth factor 8 (MFG-E8) was studied in this thesis to offer a contrast as a calcium-

independent PS receptor. MFG-E8, also known as lactadherin, is a secreted protein from multiple 

cell types, including macrophages [67] and apoptotic cells [68]. The full length MFG-E8 

contains one to three epidermal growth factor (EGF)-like domains at the N-terminus [69], and 

two C-type membrane targeting domains, a protein kinase C (PKC) conserved 1 (C1) and PKC 

conserved 2 (C2) on the C-terminus [67]. MFG-E8 acts as a linker between apoptotic cells and 

macrophages [67], with its C1 and C2 domains binding to the exposed phosphatidylserine (PS) 

on apoptotic cells, and its EGF-like domains binding to ⍺vβ3 and ⍺vβ5 integrins on macrophages 

[67, 70, 71, 72, 73], leading to the phagocytosis of the attached apoptotic cells. Besides apoptotic 

cells, MFG-E8 has been found to be involved in the clearance of vesicular debris, such as platelet 

derived vesicles [74], the photosensitive outer segments in the mammalian retina [75, 76]. MFG-

E8 has also been found to promote obesity by mediating the uptake of dietary fats and serum 

fatty acids [77]. Normal expression and functioning of MFG-E8 is crucial for homeostasis, as 
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evidenced by a strong correlation of MFG-E8 aberrant functioning and diseases, such as the 

accumulation of apoptotic cells [78], autoimmune diseases [79], Alzhermier’s disease [80], 

Parkinson’s disease [81], neural inflammation [82], neuron loss [83], diabetes [84], and cancer 

[85, 86, 87], raising the prospects of MFG-E8 as a potential therapeutic target [88, 89, 90, 91, 92]. 

Due to its exceptional binding affinity with PS, it has also been considered as an alternative Ca2+ 

independent marker for phosphatidylserine [93, 94, 95]. 

 

 

Figure 2.4: NMR Structure of the MFG-E8 C2 domain.  (A) Structure of the MFG-E8 C2 
domain conformer with the lowest energy. (B) Structural alignment of mouse MFG-E8 C2 (black) 
and bovine MFG-E8 C2 (red; PDB code: 3BN6) domains. (C) Ensemble of the top 20 MFG-E8 
C2 domain conformers. Cys1 and Cys156 with disulfide bridges are displayed in yellow. 
(Adapted from [15], Written permission for reuse in thesis granted by publisher.) 
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MFG-E8 interacts with PS-containing lipid membranes mainly via its C2 domain [70, 71, 96, 97, 

98]. The interaction of the C2 domain with PS has been studied using four kinds of model 

systems, and results vary with different model systems. Originally the C2 domain was shown to 

bind to microplate wells coated with PS, phophatidylethanolamine (PE), phosphatidylinositol 

(PI), phosphatidic acid (PA), phosphatidylglycerol (PG), and cardiolipin (CL), but not with 

phosphatidylcholine (PC) and sphingomyelin [70]. Later on, the domain was shown to be 

stereoselective to phosphatidyl-L-serine in lipid vesicles and not to PC [95]; however, it was also 

shown to bind various lipids, including PS, PC, and PG in micelles [95, 98, 15]. Therefore, it 

seems that the C2 domain is selective to PS in vesicle systems, but binds a variety of lipids, 

including PC, PS, PG, PE, PA in lipid-coated microplate wells and micelles. As C2 domain 

binding is dependent on vesicle curvature [95], the difference in its binding to micelles vs. 

vesicle might be explained partly in a curvature argument.  

 

The crystal structure of its bovine copy was resolved [96, 97], and more recently, the solution 

structure of the C2 domain of the murine MFG-E8 was resolved by NMR [15], as shown in 

Figure 2.4. These structures provide a basis for molecular interpretations of the interaction of the 

C2 domain with lipid membranes. Using mutagenesis, Shao et al. found the possible involvement 

of hydrophobic residues in the PS-binding of the bovine C2 domain using lipid-coated glass 

microspheres of 1.6 µM diameter [97]. In the study of Ye et al., interactions between the C2 

domain and PS were analyzed by mixing the protein with micelles made of short PS lipids with a 

6-carbon tail (6:0 PS) [15]. The authors discovered a surface on the domain containing several 

hydrophobic, aliphatic, and basic residues that comes into contact with the lipid micelles, and 

proposed a putative PS binding groove on the C2 domain. The use of lipid micelles, however, 
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could artificially enhance the affinity due to the increased curvature as discussed above. As 

different model systems gave dramatically different results, it is critical to design and employ a 

model system that closely mimic the physiologic conditions, thus the use of liposomes should be 

encouraged for the study of lipid interactions involving the C2 domain. 
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CHAPTER 3 

METHODOLOGY 

 

A diverse set of physicochemical/biophysical tools have been employed in this thesis. To build 

the protein-membrane binding configuration for Tim3 and MFG-E8, molecular dynamics (MD) 

simulation and x-ray reflectivity methods were employed together. To study the binding free 

energy of proteins with various lipid systems, a binding assay based on spectral shift of the 

intrinsic fluorescence of the Tim’s and MFG-E8 was used. To analyze the calcium distribution at 

the surface of lipid membranes in the context of PS-Tim proteins interaction, x-ray fluorescence 

experiments were performed and an x-ray fluorescence software was developed. The underlying 

principles, data analytical methods, and experimental procedures, for these techniques are treated 

here, with the exception of x-ray fluorescence, which exists in a separate chapter (Chapter 6). 

 

3.1 Molecular Dynamics Simulations 

 

While x-ray resolved crystal structures and nuclear magnetic resonance (NMR) resolved 

structures are invaluable for guiding scientists connecting observed properties of protein 

molecules with their structural motifs, the static nature of these structures often obscure 

important aspects of such interactions in a dynamic world. In addition, resolving the structure of 

a peripheral binding protein such as Tim3 and MFG-E8 adsorbed to the membrane is ill-suited 

for either x-ray crystallography or NMR techniques, due, respectively, to the infeasibility of 

crystalizing a lipid membrane with the protein, and the slow gyration of protein molecules 

partially immobilized by a lipid membrane surface. Using the crystal or NMR structure as a 
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starting point for MD simulations, however, information on the detailed dynamics of the 

interaction could be obtained. In addition, MD simulations were used to provide an ensemble 

average structure for fitting the x-ray reflectivity data (Section 3.2). An exciting new 

development in MD simulations involving lipid membrane systems was the development of the 

highly mobile membrane mimetic (HMMM) method in 2012 [1], which significantly speeds up 

the lipid dynamics by shortening the lipid acyl chains while filling the evacuated space in the 

hydrophobic core of the membrane with organic solvents (Figure 3.1). This method made 

possible the simulation of membrane binding events in a reasonable computational time frame.  

 

 

Figure 3.1: Contrasting the HMMM and conventional representations of a membrane. In 
an HMMM model, a large fraction of the acyl tails (left, yellow sticks) of the membrane-forming 
lipids is replaced by a liquid organic phase (right, yellow area). In this study, a full DOPS lipid 
molecule (inset) is represented by a short-tailed DVPS molecule with only 5 carbons (the circled 
fraction of the molecule), and the space vacated by the removal of the C6–C18portion of the acyl 
tails is filled with an organic solvent (yellow). Oxygen atoms are red, nitrogen blue, phosphorus 
gold, and carbon ice blue, except for C6–C18, which are in yellow, representing the organic 
solvent. Bulk water molecules are shown in light blue. (reprint from [1], permission granted by 
publisher). 
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MD simulations were performed using NAMD 2.9 for Tim3, and NAMD 2.11 for MFG-E8 [2], 

with the CHARMM27 force field for Tim3, and the CHARMM36 force field for MFG-E8 [3], 

using the HMMM method [1]. Parallelization was generally over 640 cores on the Beagle 

Supercomputer at the University of Chicago. An asymmetric membrane bilayer was used, with 

7:3 POPC:POPS on the leaflet facing the protein, while neat POPC on the other leaflet away 

from the protein. HMMM input files were generated using the CHARMM-GUI HMMM 

protein/membrane builder [4, 5]. The protein docking events were simulated with at 310 K 

(36.85 ℃) with the Tim3 Ig domain 10 nm away, or the MFG-E8 C2 domain 20 nm away from 

the membrane. Each trajectory of the short tail lipid system was simulated for 180 to 200 ns, at 

which point the proteins were bound to the membrane, and equilibration had reached judging by 

the stabilization of the root-mean-square deviation (RMSD) of the superimposed protein 

structure. One to three extended tail systems were generated from each short tail system using 

the CHARMM-GUI HMMM protein/membrane builder, and simulated for another 200 ns. MD 

trajectory processing was done using VMD [6] and the MDToolBox [7]. Sequence alignment 

was performed using the MultiSeq plugin for VMD [8]. Image rendering in VMD was performed 

using Tachyon [9]. Custom MATLAB code was used to perform RMSD analysis. 

 

To locate the optimal protein structure from the MD simulations for x-ray reflectivity (XR) 

fitting, first the protein structure from all the extended tail frames were overlaid in the plane 

horizontal to the membrane (x-y plane), then a mean structure of all of these overlaid frames. 

This 2D overlay was performed using the “superimpose2d” function of the MDToolBox [7]. The 

protein structures were superimposed in the x-y plane, because XR is only sensitive to the 

electron density along the axis normal to the membrane surface (z-axis), thus variations in 2D 
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should be eliminated. This mean structure represents an ensemble mean, yet was unrealistic due 

to overlapping atomic positions produced in the averaging process. Therefore, the frame from all 

extended tail trajectories that minimized RMSD with the mean structure was located and used for 

fitting XR data. This new protein structure was referred to as MD-optimized, and it was 

significantly different from the NMR structure in the case of the MFG-E8 C2 domain (Figure 

3.2a). In comparison to the protein structure in other frames, this MD-optimized structure gives 

an overall smaller RMSD for the full course of the simulation, as seen in Figure 3.2b. 

 

Figure 3.2: Characteristics of the MD-optimized structure. (a): Aligning of the C2 domain 
NMR structure with the membrane MD equilibrated bound structure. The teal colored one is the 
MD-optimized structure, while the gray colored one is the NMR structure. The backbone RMSD 
between these two structures are calculated to be 5.28 Å. (b): Backbone RMSD using either the 
MD-optimized structure or the last frame as the reference. Here the last frame is used as an 
example to show that the MD-optimized better capture the average structure of the protein with 
lower overall RMSD. The horizontal lines indicate the average RMSD for frames sampled every 
1 ns, or 50 frames. When referencing MD-optimized structure, the averaged RMSD was 2.97 Å, 
and when referencing the last frame, the averaged RMSD was 4.47 Å. 
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3.2 X-ray Reflectivity (XR) 

 

The theory of x-ray reflectivity is thoroughly treated in this reference [10]. Briefly, when highly 

monochromatic x-ray encounters an air/liquid interface, reflection and refraction happens at the 

interface largely observing classical optics rules. Because x-rays scatter off electrons and the 

wavelengths of x-ray are in the Angstrom (Å) range, it is sensitive to electron density changes at 

the molecular level. The specular reflection of x-rays, described in Figure 3.3, represents a 

momentum transfer in the direction normal to the interface (z-axis), and thus is sensitive to the 

arrangements of the surface at the molecular detail. As the refraction index of water is smaller 

than 1, there exists a critical angle below which total reflection happens. By convention, the 

momentum transfer in the z-direction is defined as 

𝑄" =
$%
&
sin 𝜃, 

 where 𝜃 is the incidence angle, and 𝜆 is the wavelength of the x-ray, and the critical angle is 

represented correspondingly by 𝑄,. The intensity of reflectivity depends on both the incidence angle 

and the electron density profile. For perfectly sharp interfaces, the reflectivity intensity is referred to 

as the Fresnel reflectivity, Rf , as calculated by 

𝑅. =
/01 /021/32

/04 /021/32

5

, 

Assuming a homogeneous surface with only electron density variations in the z-direction, the 

reflectivity intensity, R, can be expressed as the square of the Fourier transform of the electron 

density gradient multiplied by the bulk Fresnel reflectivity: 

𝑅 𝑄" = 𝑅.
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where 𝜌(𝑧) is the electron density at position z. In computational implementation of the above 

equation, the electron density profile is discretized, and treated as small slabs. 

 

 

 

Figure 3.3: X-ray reflectivity methods. (a): Geometry of x-ray reflectivity. In this figure, a – 
the Helium filled enclosure; b, c – Kapton windows; i – incidence beam; j – reflected beam; θ – 
incidence angle and reflection angle; d – detector. (b): Sample XR generated by lipid only and 
lipid + protein systems. (c): The electron density with protein adsorbed to the monolayer. (d): 
Definition of the protein orientation. 𝜃 is the angle of rotation angle about the x-axis, and 𝜙 is 
the angle of rotation about the z-axis. (e): A representative reduced 𝜒5 map over the two-
dimensional (𝜃, 𝜙) grid. (f): XR fitting GUI. 
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In application to lipid monolayer studies, the lipid monolayer is generally modeled with a two-

box model, assuming a uniform electron density for the headgroup region, and another for the 

tailgroup region. The whole electron density profile is then smeared by convoluting with the 

thermal fluctuations arising from the capillary waves. If proteins molecules were adsorbed to the 

membrane, the added electron density would generate much different XR patterns (Figure 3.3b-

c). 

 

X-ray crystallography and NMR methods are generally not applicable to solving membrane 

bound protein structures. A recent study using a slab model for representing static protein 

structures analysis XR data from a lipid adsorbed protein monolayer has provided a much-

needed experimental method for resolving the orientation and insertion depth of membrane 

bound protein [11]. In this method, protein binding is defined by four parameters, namely the 

angle of rotation, 𝜃, about the principal x-axis, the angle of rotation, 𝜙, about the principal z-axis 

(Figure 3.3d), the insertion depth of the domain, and the surface number density of the protein. 

The use of surface number density is a modification from the original area fraction, and is more 

representative of the protein concentration at the surface. There are also four lipid parameters, 

namely the lengths and electron densities of the tailgroup and the headgroup. These four protein 

parameters and four lipid parameters, together with a Qz offset value that accounts for systematic 

deviations of the instrument form the parameter space determining the reflectivity pattern. As the 

search algorithm over these two angles, 𝜃 and 𝜙, are not efficient at the moment, the preferred 

way to fit XR data is to first step through a grid of (𝜃, 𝜙) pairs and find the minimum sum of 

residual squares (𝜒5) value, by use of a well implemented search algorithm, such as the trust 
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region reflective method as adopted here. Then zoom in for finer steps in the around possible 

reduced 𝜒5 minima (Figure 3.3e-f). In a typical scan, the number of points, N, is around 100, 

and the obtained minimal 𝜒5 values are general between 400 to 2000. A ration 𝜒5/N larger than 

one generally indicates deviation of the model from physical reality. As the 𝜒5/N ratio is 

generally larger than 4 but smaller than 20, the underlying slab model and the static protein 

structure captured the main features of the XR data, but not the whole physical reality. These 

algorithms have been custom built and integrated in a graphical user interface tool for quicker 

fitting by the author (Figure 3.3g). 

 

These XR experiments were performed at ChemMatCARS of Sector 15ID at the Advanced 

Photon Source of Argonne National Laboratory. A custom trough with a movable barrier and 

surface pressure control loop was used to control the surface pressure of the lipid monolayer. 

Surface pressure was controlled at three values, 20, 25, and 30 mN/m. For each film, a 

reflectivity scan on a lipid-only system was performed prior to injecting the protein samples to 

the subphase. Following the injection, an equal amount of buffer was removed from the subphase 

to restore the initial liquid level and 2 hours of equilibration time was allowed. Then, XR scans 

were taken within a Qz range of 0.018 – 0.55 or 0.65 Å-1. Two curves were gathered on a given 

film, which were generally quite similar, and averaged. In all of XR experiments, phospholipids 

with 1-stearoyl-2-oleoyl (SO) tails were used to minimize radiation damage [11]. 

 

3.3 Binding Assay 
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A binding assay based on the intrinsic tryptophan fluorescence of the Tim proteins and MFG-E8 

was used with variations. When tryptophan residues move from the more polar water 

environment into the membrane headgroup/tailgroup interfacial region, its fluorescence spectrum 

displays a blue shift and an increase in intensity, which could be utilized to measure the bound 

fraction of the burying entity [12]. As the Tim proteins and MFG-E8 all possess tryptophan 

residues that help anchor the protein into the membrane, this tryptophan spectral shift provides a 

nonintrusive way to monitor the interaction between lipids and the four proteins. A Horiba 

Fluorolog-3 spectrophotometer with a 1 cm path-length quartz cuvette was used. For maximal 

excitation efficiency, the excitation wavelength was set at 280 nm. The collection range is 

generally set at 300 to 420 nm to capture the full emission peak. Figure 3.4a shows the 

difference in fluorescence spectra between the free and the C2 domain of MFG-E8. 

 

In all binding assays, large unilamellar vesicles (LUV) were used. Uniformly sized LUVs were 

produced by extrusion [13]. Briefly, lipids in the powder form were dissolved in chloroform, 

mixed to the desired concentration and composition, then dried to form a thin film inside the 

glass vials under nitrogen flow and constant rotation by hand. The lipids were then further dried 

under vacuum for 1 h. A buffer of 150 mM NaCl plus 10 mM Hepes at pH 7.5 was added to the 

lipids and vortexed at a moderate frequency for 1 h at 40 °C. The lipid/buffer mixtures were then 

subjected to five freeze-thaw cycles, using a dry ice/ethanol slurry. Finally, the lipids were 

extruded 21 times using 100-nm-diameter filters (Avanti Polar Lipids). Vesicle diameter and 

polydispersity were around 130 nm and 10% as characterized by dynamic light scattering 

(Zen3600 Malvern Nano Zetasizer) for each batch. 
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Figure 3.4: Difference in tryptophan fluorescence spectra between the bound and free 
protein. These are data from the C2 domain of MFG-E8, showing a blueshift of 4 nm, and an 
increase in quantum yield of 73%. 

 

The binding assay was generally performed in a titration series, for better characterization of the 

effects of a range of the titrants. The varying parameters could be lipid surface density holding 

total lipid concentration constant, Ca2+ concentration, or total lipid concentration. For each 

titration, first the unbound spectrum, 𝑈(𝜆), was established without the titrant for at least three 

repeats. Then the titrant was added and the spectra, 𝑋(𝜆), became a linear combination of the 

bound and free protein spectra (Figure 3.5a). As the further addition of titrant did not further 

increase the intensity and cause the blueshift, the tentative bound spectrum 𝐵(𝜆) was established 

as the last one in the series. Spectra with mixed bound and unbound components, 𝑋(𝜆), was 

decomposed into a linear combination of the bound and unbound spectra: 

𝑋 𝜆 = 𝑏 ∙ 𝐵 𝜆 + 1 − 𝑏 ∙ 𝑈(𝜆), 3.4 
where b is the bound fraction. The cuvette was thoroughly cleaned between samples, and spectra 

were collected after 2 minutes of equilibration. For each series, the bound fractions and the 

dissociation constant were estimated by curve fitting, assuming specific binding to a single-site 
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(Figure 3.5b), and a bmax value, which stands for the real bound fraction of the tentative bound 

spectrum, using this equation: 

𝐵𝑜𝑢𝑛𝑑	𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑏𝑚𝑎𝑥 [Z<Z[\]Z]
Z<Z[\]Z 4_`

, 3.5 

Or if a Hill model (Figure 3.5c) needs to be used, data will be fit to: 

𝐵𝑜𝑢𝑛𝑑	𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑏𝑚𝑎𝑥 Z<Z[\]Z a

Z<Z[\]Z a4_`
, 3.6 

 

 

Figure 3.5: Binding titration series and curve fitting. (a): Progression of the spectrum from 
free (lowest intensity) to bound (highest intensity). In this example, a Ca2+ titration series was 
performed for studying Tim3 sensitivity to Ca2+. The spectra in the middle could be expressed as 
a linear combination of the free spectrum and the bound spectrum. (b): Single site binding 
produces a hyperbolic saturation curve. (c): Multiple site binding fits to a Hill model. In this case, 
the titrant is the surface density, and the larger than 1 Hill coefficient is indicative of a larger 
than one stoichiometry between the protein and lipid. 
 

In two typical single-site binding studies, a Ca2+ titration is performed for the Tim proteins, and a 

vesicle titration for MFG-E8, as MFG-E8 binds PS in a calcium-independent way. As the 

concentration of the titrant increases, the protein spectra became a mixture of bound and 

unbound. 

 

3.4 Treatment of the Ca2+ dependent binding of the Tim proteins to PS containing vesicles 
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As the interaction between the Tim proteins and vesicles are a three-body interaction, involving 

the Ca2+ ion, the vesicle, and the protein, the use of the dissociation constant from a Ca2+ titration 

experiment to represent the binding strength of the reaction needs justification. Assuming only 

one Ca2+ is needed for the interaction, the binding equilibrium can be described by 

 

P + Ca + V ⇌ PCaV, 

with dissociation constant 

Kh =
i jk l
[ijkl]

, 

where P stands for the protein, and V stands for vesicle. In all the experiments, protein 

concentration is kept at 170 nM, while lipid concentration is kept at 300 µM, and Ca2+ 

concentration ranges from 4 µM to 8 mM. At the lowest Ca2+ concentration of 4 µM, where the 

bound Ca2+ to free Ca2+ ratio is the largest, at most 11.5% of the protein is bound, as in the Tim4 

case.  Therefore, the protein would only bind <20 nM Ca2+ so that the free Ca2+ concentration is 

close to that of the total: 

Ca ≈ Ca n, 

where Ca  is the free Ca2+ concentration and Ca n is the total Ca2+ concentration.   

 

At the lowest PS content (2 mol%), where the ratio of Tim3-bound to free PS is the largest, the 

total PS concentration in the outer leaflet would be 300	×	0.05	×	0.2 = 3.75	µM.  When the 

protein is fully bound, 170 nM PS would be associated with its central binding pocket.  

Therefore, the highest bound PS to free PS ratio is around 4.6%.  The concentration of unbound 

PS would then be very close to its total. Therefore,  

V ≈ V n, 
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where V  is the free vesicle PS concentration, while V n is the total vesicle PS concentration. 

Therefore, the dissociation constant 

Kh ≈
i jk x l x
[ijkl]

, 

We define Kd(Ca) as 

Kh Ca = yz
l x

,   

or 

Kh Ca = i jk x
[ijkl]

, 

and the bound fraction of protein is 

b = [jk]
yz jk 4[jk]

, 

 

which is a typical one-site specific binding equation, and Kh Ca  is the Ca2+ concentration where 

half of the protein is bound. Therefore, the global Kh differs with Kh Ca  only by a constant 

multiplier, and the use of Kh Ca  to represent the global binding strength is justified. 
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CHAPTER 4 

PHYSICOCHEMICAL SELECTIVITY OF TIM3 TO PHOSPHATIDYLSERINE-

CONTAINING LIPID MEMBRANES  

 

4.1 Overview 

 

T cell immunoglobulin mucin 3 (Tim3) is a cell surface protein that serves as an immune 

checkpoint receptor. It is an emerging target for cancer immunotherapy. Tim3 contains a 

calcium-dependent phosphatidylserine (PS) binding site on its immunoglobulin (Ig) domain 

critical for its intercellular interactions, as with its homologs, Tim1 and Tim4. Here, by use of a 

tryptophan fluorescence spectral shift assay, we quantified the binding affinity of the Ig domains 

of Tim1, Tim3, and Tim4 to find Tim3 affinity to be much lower than Tim1 and Tim4, consistent 

with previous observations [1, 2]. Nevertheless, membrane binding by Tim3 is indeed Ca2+-

mediated and selective to the PS headgroup. We built a molecular-level picture of its binding 

based on analysis of x-ray reflectivity of the Tim3 Ig domain adsorbing to lipid monolayers to 

elucidate potential modulators for Tim3 binding. We found Tim3 binding to be highly enhanced 

by decreased membrane packing density and increased negative charge density. These two 

sensitivity factors originate from four modes of Tim3/bilayer interaction (i.e., calcium-dependent, 

electrostatic, hydrophobic, and mechanical), giving Tim3 its unique physicochemical selectivity 

to differentiate itself from other PS-binding proteins. The characteristic interactions of Tim3 with 

PS and PA may tune Tim3 to specifically respond to cellular signals as in neutrophil activation 

and its subsequent apoptosis. 
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4.2 Computational and Experimental Study Results 

 

4.2.1 Tim3 binding to PS-containing lipid membranes 

 

Earlier studies suggested that the binding of Tim3 to PS is weaker than that of the Tim1 and 

Tim4 proteins [1, 2]. However, an accurate quantitative comparison was lacking. Using the 

tryptophan fluorescence spectral shift assay [2, 3], we determined the binding affinity of the Ig 

domains of the three TIM proteins for large unilamellar vesicles composed of 70% 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 30% 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (POPS), henceforth denoted as 7:3 POPC:POPS. We determined the Ca2+ 

dependence of protein binding to estimate the dissociation constant, Kh Ca54 	at which half of 

the protein bound. The use of Kh(Ca54) as a metric for the overall binding affinity is justified in 

the Section 4.3.2. As seen in Figure 4.1a, a hyperbolic binding curve was obtained, strongly 

suggesting that all three TIMs associate with the membrane with a 1:1 Ca2+ stoichiometry. The 

dissociation constant for Tim3 and 30% POPS vesicles was five times larger than the Kh(Ca54) 

for Tim1 and about 15 times larger than that for Tim4, which translates to a difference in binding 

free energy of 3.96 kJ/mol for Tim1 and -6.39 kJ/mol for Tim4. 

 

4.2.2 Tim3 PS binding site is specific to the PS headgroup and Ca2+ 

 

To further understand the nature of the PS binding site on Tim3, we tested the specificity of the 

binding site to Ca2+ and the PS headgroup. To test its lipid headgroup specificity, we substituted 

the negatively charged PS headgroup with the negatively charged PA or phosphatidylglycerol 
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(PG) headgroups, so we used vesicles with composition 7:3 POPC:POPA or 7:3 POPC:POPG. In 

both cases, no measurable affinity was observed. To test the specificity of the binding site to 

Ca2+, we studied the dependence of the binding affinity on Mg2+ and Ba2+ and found that neither 

ion was able to facilitate Tim3 binding to 7:3 POPC:POPS. These results are summarized in 

Table 4.1. 

 

 

Figure 4.1: Tim1, Tim3, and Tim4 affinities for PS. (a): Ca2+ dependence of Tim1, Tim3, and 
Tim4. The protein concentration was 170 nM protein and the lipid concentration was 300	µM 
lipid with 7:3 POPC:POPS. (b): Kh(Ca54) and 𝛥𝛥𝐺 for the three TIM proteins. The average 
Kd(Ca2+) values for Tim1, Tim3, and Tim4 were 81.9±2.4, 405±14, and 30.7±1.4 µM, 
respectively, as seen from the left vertical axis. Using Tim3 binding free energy as the reference, 
the 𝛥𝛥𝐺 of Tim1 and Tim4 are -3.96 and -6.39 kJ/mol, respectively, as seen from the right 
vertical axis. (c): Structure of PO lipids, POPC, POPS, POPG, and POPA. 
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Tim3 Binding Affinity POPC : POPS = 7 : 3 POPC : POPG = 7 : 3 POPC : POPA = 7 : 3 

Ca2+ Measurable Negligible Negligible 

Mg2+ Negligible N/A N/A 

Ba2+ Negligible N/A N/A 

Table 4.1: Tim3 binding site is specific to PS and Ca2+. 

 

4.2.3 Tim3 binding geometry reveals insertion of two hydrophobic residues into the 

membrane and positioning of four basic residues in close proximity to the membrane 

 

As Tim3 affinity to PS-containing membrane is much weaker than Tim1 and Tim4, we tried to 

explore additional modulators for the interaction. To guide such exploration, we first built a 

molecular interaction picture of Tim3 with PS-containing membranes using x-ray reflectivity. X-

ray reflectivity patterns are generated by electron density profiles along the axis normal to the 

interface. We used phospholipids with 1-stearoyl-2-oleoyl (SO) tails because their longer acyl 

chains help reduce radiation damage [2]. We used a conventional 2-box model for the lipids and 

multiple slabs to represent the protein in each of its orientations [4]. The orientation, insertion, 

and surface coverage of the protein are varied to best fit the x-ray data. Initially, we used the 

crystal structure of the Ig domain of Tim3 [1] as the model but found its orientation to be 

unresolvable. We therefore employed Highly Mobile Membrane Mimetic (HMMM) Molecular 

Dynamics (MD) simulations to resolve a fully relaxed membrane bound model of Tim3 based on 

the crystal structure, which we posit to be more representative of membrane-bound Tim3.  
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This structure conveys key hints for possible modulators for Tim3 binding additional to its PS 

binding site. The Ig domain of Tim3 is inserted into the membrane with its hydrophobic residues 

on the FG loop and CC’ loop. The tryptophan tracked in the fluorescence assay, W35, is located 

on the CC’ loop of Tim3 and projects into the membrane. A leucine residue, L99, is inserted 

further into the interface of the headgroup and tailgroup. Note that the binding site could only 

adopt the optimal binding conformation with the two hydrophobic tips well inserted into the 

membrane, suggesting Tim3 could be sensitive to membrane packing density. We also have 

identified two lysine residues, K103 and K104, and two arginine residues, R50 and R54, in close 

proximity to the membrane, which could mediate electrostatic interactions. 

 

Figure 4.2: The structure of membrane bound Tim3 resolved by X-ray reflectivity. (a) X-
ray reflectivity data and fitting for SOPC:SOPS = 7:3 at surface pressure 25 mN/m. (b) The 
inferred configuration of Tim3 bound to the lipid layer. The yellow sphere denotes the Ca2+ 
coordinated by the binding site. Pink denotes the assumed head group region while the gray 
denotes the tail group region. Hydrophobic residues that insert into the membranes are W41 and 
L99, highlighted in gray, the two lysine residues close to the membrane are K103 and K104, 
highlighted in green, and the two arginine residues close to the membranes are R50 and R54, 
highlighted in red. BC, CC’ and FG are the three flexible loops extending from the protein. 
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4.2.4 The insertion of hydrophobic residues is supported by the binding free energy 

dependence on urea concentration 

 

The interaction model in Figure 4.2b suggests the burying of a tryptophan and a leucine residue 

into the relatively nonpolar region of the membrane, which would create favorable hydrophobic 

interactions. To test whether hydrophobic interaction is indeed involved in Tim3 binding, we 

measured the dependence of binding affinity to POPC:POPS=7:3 vesicles on urea concentration 

up to where the protein unfolded. As seen in Figure 4.3, 𝐾:(𝐶𝑎54) increased with urea 

concentration, and the change in binding free energy relative to no urea showed a linear increase 

with a slope of 2.26 kJ/mol. At the 2.5 M urea, the protein spectra became less consistent, thus 

the large error bars for this data point. Beyond 2.5 M urea, the unbound protein spectra became 

significantly widened, indicating unfolding of the domain. 

 

Figure 4.3: The effect of urea on Tim3 binding to POPC:POPS=7:3 vesicles. The experiment 
was performed as in Figure 4.1 using Ca2+ titrations. Free energy changes were calculated from 
Kh(Ca54) values using the equation ΔG = 	RT ln𝐾:. The data was fitted to the equation ΔG =
2.26 Urea − 0.23	(kJ/mol). The standard deviation for the slope is 0.119, and the standard 
deviation for the intercept is 0.178. To match the osmotic pressure inside and outside the vesicles, 
vesicles were prepared in buffer of with given urea concentration at each point. 
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4.2.5 Tim3 binding is highly sensitive to membrane packing density 

 

 

Figure 4.4: The binding of Tim3 to vesicles of phospholipids with loose and tight packing. 
(a): The Ca2+-dependent association of Tim3 with PS:PC=7:3 vesicles containing saturated (DM), 
one unsaturated (PO), or two unsaturated (DO) acyl chains. (b): From the data in Panel a, 
Kh(Ca54) values were calculated as follows: for POPC:POPS, 405 ± 14 µM; POPC:DOPS, 287 
± 7.7 µM; DOPC:POPS, 177 ± 6.5 µM; and DOPC:DOPS, 40.7 ± 1.7 µM. (c): Kh(Ca54) values 
from panel b were plotted as a function of DO content. (d): Structure of DO and DM lipids.  
 

The interaction model, the tryptophan fluorescence spectral shift, and Tim3 binding dependence 

on urea strongly supported the insertion of hydrophobic residues into the nonpolar region of the 

membrane. This insertion entails to work against the membrane stretching modulus, yet is 

necessary for favorable hydrophobic interactions, as well as to bring the PS binding site to proper 
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alignment with the membrane headgroup region. As protein insertion into lipid membranes 

entails a sensitivity to membrane packing density or the closely related membrane stretching 

modulus [5, 6, 7], we determined the binding affinity of Tim3 to vesicles with different lipid 

packing density/stretching modulus assuming that tighter packing and higher stretching modulus 

will reduce the affinity of the protein for the membrane. For this study, we substituted the 

tailgroup from the mono-unsaturated PO to the more loosely packed bi-unsaturated 1,2-dioleoyl 

(DO), or the more densely packed saturated 1,2-dimyristoyl (DM) tailgroups. As seen in Figure 

4.4a-c, substituting DO lipids for PO lipids significantly increased the membrane binding affinity 

of Tim3, while substituting DM lipids for PO lipids reduced the binding lower than our detection 

limit. Substituting DO tails for all of the PO tails produced a 10-fold decrease in the dissociation 

constant, from 405	µM to 41	µM. 

 

4.2.6 Tim3 binding is sensitive to membrane negative charge density and buffer ionic 

strength 

 

The interaction model in Figure 4.2b also suggested potential interaction with negative charges 

on the membrane due to the two lysine and two arginine residues in proximity to the membrane. 

Here we first confirmed that Tim3 did not bind appreciably to neat zwitterionic POPC vesicles 

[2]. Previously, it was found that Tim3 affinity to POPC:POPS=95:5 vesicles was much weaker 

than POPC:POPS=7:3 vesicles [2], which is confirmed here, as seen Figure 4.5a. We next 

determined the affinity of Tim3 to POPC:POPS:POPG=70:5:25 vesicles. POPG occupies nearly 

the same area as POPS [8], and bears one negative charge as POPS. As seen in Figure 5a, 

POPC:POPS:POPG=70:5:25 vesicles was equal in ability to bind Tim3 as POPC:POPS=7:3 



	 46	

vesicles, which meant 25% POPG was equally capable of binding Tim3 as 25% POPS in 

addition to 5% POPS. 

 

 

Figure 4.5: Tim3 exhibited electrostatic interaction with PS-containing vesicles. (a): Tim3 
affinity to POPC:POPS=7:3 is similar to POPC:POPS:POPG=70:5:25 vesicles. The Kh(Ca54) 
for POPC:POPS=7:3 and POPC:POPS:POPG=70:5:25 vesicles was 416 ± 16 and 405 ± 13 
µM respectively. The Kh(Ca54) is not calculated for the POPC:POPS=95:5 as the binding is too 
low to yield an accurate estimate. (b) Tim3 binding to POPC:POPS=7:3 vesicles is dependent on 
ionic strength. As HEPES has a 𝑝𝐾\5 at 7.5, half of the HEPES will be in its acid form, while the 
other half in dissociated form, so the ionic strength (IS) of 10 mM HEPES buffer will be 5 mM 
without NaCl. The 𝐾:(𝐶𝑎54) increased to 1.39 ± 0.12 mM at IS = 5.005 M, from 0.405 ±
0.014 mM at IS = 0.155 M. This increase in 𝐾:(𝐶𝑎54) represent a binding free energy change 
(𝛥𝛥𝐺) of 3.05 kJ/mol. At IS = 0.005 M, the binding affinity became so strong that the 
background Ca2+ at 1.2 µM in the buffer was enough to recruit all protein to the membrane. 
Chelating away this background Ca2+ using 1 mM EGTA, however, released all bound Tim3. 

 

We then studied the affinity of Tim3 to POPC:POPS=7:3 vesicles under different ionic strength 

by adding different amounts of NaCl to the 10 mM HEPES buffer at pH 7.5. As show in Figure 

4b, binding affinity is reduced at high ionic strength, while dramatically enhanced at low ionic 

strength. Without adding more Ca2+, the background Ca2+ in the HEPES buffer at 1.2 µM 

(Figure 4.6) is enough to bring all Tim3 to bind at ionic strength 0.005 M. Due to limitations in 
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our experimental reagents and setup, we were not able to conduct a fine stepped Ca2+ 

concentration serie at 0.005 M, but we found adding 1 mM EGTA to remove all free Ca2+ 

released all bound protein. 

 

Figure 4.6: measurement of Ca2+ concentration using Indo-1 and EGTA. (a): The 
fluorescence spectra of Indo-1 with the 10 mM HEPES 150 mM NaCl buffer with various 
amounts of EGTA. Indo-1 concentration was 1 µM. As EGTA concentration is increased, the 
Indo-1 fluorescence spectra shift from the Ca2+ chelating form to the Ca2+ free form, with 
decreasing intensity at the 400 nm peak, and increasing intensity for the 450 – 500 nm peak. (b): 
Calculated total calcium concentration and fit to the a constant value based on mass action law. 
The dissociation constant used for Indo-1 was Kh Indo = 230	nM [Paredes 2008, Grynkiewicz 
1985], and that for EGTA was Kh EGTA = 38.5	nM [Tien 1989]. By assuming the Indo-1 
bound fraction is b_max when no EGTA is added, and b_min when 6 µM, we obtained the 
hypothetically bound and free spectra. We then fit the spectra with EGTA concentrations in 
between assuming those in the middle are linear combinations of the bound and unbound spectra. 
These bound fractions are used to fit to the mass action law equation to generate the total 
calcium concentration. The total background Ca2+ concentration was fit to be 1.2 µM. 
 
 

4.2.7 Tim3 binding is highly sensitive to small increments in membrane PA 
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With a deeper understanding of the physicochemical modulators for Tim3 binding, we next 

determined the affinity of Tim3 for large unilamellar vesicles composed of various phospholipids 

bearing 1-pamiltoyl-2-oleoyl acyl chains but different headgroups. As shown above, 

POPC:POPS=7:3 vesicles were avid for Tim3 in the presence of calcium (Figure 4.1a). We then 

substituted for POPS increasing amounts of the anionic phospholipids: POPG or POPA. We 

varied the Ca2+ concentration in each series to determine the Tim3 dissociation constant 

Kh Ca54  as a measure of the strength of the overall binding reaction. We already showed that 

Tim3 required PS to bind to the membranes in that Tim3 did not bind to vesicles composed of 

binary mixtures of PA/PC or PG/PC. That is, Kh Ca54  diverges to infinity when no PS is 

present. Substituting a small fraction of the PS with PG or PA (to make 30 mol% total anionic 

phospholipid) decreased the dissociation constant for Tim3 (i.e., increased its binding affinity) as 

also seen in Figure 4.5. PA was more effective than PG in this regard. Indeed, substituting PA 

for 1% out of the 30 mol% PS reduced the dissociation constant, Kh Ca54 , for Tim3 to from 

405	µM to 138	µM, or a 𝛥𝛥𝐺 of 2.67 kJ/mol, and substituting 10% PA decreased the Kh Ca54  

to 77.5	µM, or a 𝛥𝛥𝐺 of 4.10 kJ/mol. In contrast, Tim1 and Tim4 were not sensitive to PA 

(Figure 4.8). Note that, as PA was increased above 20 mol% and PG increased above 10 mol%, 

the dissociation constant for Tim3 increased. No Tim3 binding was observed with 30 mol% of 

either PA or PG in the absence of PS. Thus, the Ca2+ dependent membrane binding of Tim3 

appeared to be specific for PS. Secondary interactions between Tim3 and PA and PG presumably 

strengthened its membrane binding but this enhancement diminished with decreasing levels of 

PS. 
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Figure 4.7: The association of Tim3 with lipid vesicles containing PS, PA and PG. Kh(Ca54) 
was determined using vesicles containing 70% POPC and 30 mol% anionic phospholipids 
distributed between PS and PA or PG. The total lipid concentration was 300 µM, Tim3 
concentration was 170 nM. The temperature was 23 ˚C. No binding was detected for 30% PG 
and PA (not plotted). The change in binding free energy was calculated in reference to the 
POPC:POPS=7:3 system. 
 

Figure 4.8: Tim1 and Tim4 do not have strong sensitivity to PA. (a): Tim1 is not sensitive to 
small amounts of PA in the lipid membrane. Here PA+PS is kept at a constant 30%. Kh(Ca54) 
of Tim1 to PC/PS/PA vesicles, with values 81.87 ± 2.4	µM at 20% PA, 67.7 ± 4.7	µM at 10% 
PA, and 80.0 ± 2.1	µM at 0% PA. (b): Tim4 is not sensitive to small amounts of PA in the 
lipid membrane. Here PA + PS is kept at a constant 30%. PA% used were: 28%, 25%, 20%, 
10%, 5%, 1%, and 0% from left right. 
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4.2.8 Ca2+ sequestration of PA, PS, PG, and PC measured by total reflection x-ray 

fluorescence (TXRF) 

 

 

Figure 4.9: measurement of Ca2+ sequestration by SO monolayers by TXRF. (a): Ca2+ x-ray 
fluorescence signal around the critical angle from four DO lipid films. The buffer contains 10 
mM HEPES, 150 mM NaCl at pH 7.5. (b): Ca2+/lipid ratio for four DO lipids as a result of 
analyzing data from panel (a). The analysis was carried out using XeRay using a two box model 
for the lipid, and that all sequestered Ca2+ reside in the headgroup layer. The ratios between 
number of Ca2+ cations and lipid molecules are 0.49 ± 0.02, 0.34 ± 0.02, 0.19 ± 0.02, and 0 ± 
0.01 respectively. 
 

We next used TXRF to measure Ca2+ sequestration by SO lipid monolayers [9, 10, 11, 12]. 

Development of this technique is discussed in Chapter 5. As in the x-ray reflectivity 

measurements, SO lipids are used to limit radiation damage to the monolayer. As seen in Figure 

4.9a, Ca2+ fluorescence signal around the critical angle decreases in the order: SOPA > SOPS > 

SOPG, while SOPC showed no measurable signal around the critical angle. We analyzed the 

amount of Ca2+ sequestration for each film using the graphical user interface tool XeRay [13], 

with the assumption that all sequestered Ca2+ reside in the headgroup region of the monolayer 
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[10, 13]. The surface sequestered amount of Ca2+ is converted to the ratio between the number of 

Ca2+ ions and the number of lipid molecules, as seen in Figure 4.9b. 

 

4.3 Discussion 

 

4.3.1 Tim3 interaction model with PS-containing lipid membrane offers hints in key 

modulators of binding 

 

Tim3’s much weaker affinity to PS compared to Tim1 and Tim4 as seen in Figure 4.1a-b led us 

to examine the structural determinants of the overall binding affinity. Homeostatic, free Ca2+ 

concentration in the human serum is around 1 mM [14]. With a Kh(Ca54) of 0.405 mM, 

assuming excess POPC:POPS=7:3 vesicles, the equilibrium bound fraction of Tim3 would be 

around 70% at the physiological calcium level. This relatively weak interaction allows room for 

other modulators in addition to the PS binding site. To better grasp the possible additional 

modulators of Tim3 binding, we built a molecular interaction model based on fitting the protein 

orientation to x-ray reflectivity data from monolayer bound Tim3 Ig domains. Results of the 

model offered strong hints that these possible modulators could be membrane packing density 

and membrane negative charge density. As seen in Figure 4.2, the insertion of two hydrophobic 

tips on the protein is necessary to bring the PS binding site to proper alignment with the 

headgroup region. Thus, a more tightly packed membrane could reduce binding affinity by 

preventing proper protein alignment, while a more loosely packed membrane could augment 

binding affinity. The two lysine residues and two arginine residues close to the membrane were 
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hypothesized to sense the negatively charged species on the membrane. These two possible 

modulators were subsequently studied and their effects were found to be quite pronounced. 

 

4.3.2 Hydrophobic interaction between Tim3 and lipid membranes 

 

According to the interaction model in Figure 4.2, the main insertion residues of the protein are 

likely to be the hydrophobic tips of the FG and CC’ loops, corresponding to a leucine and a 

tryptophan residue respectively. The insertion of hydrophobic residues into the relatively 

nonpolar membrane environment is supported by two lines of evidence. Firstly, the tryptophan 

spectral shift tracked in the binding studies indicates the relocation of the tryptophan residue 

from a polar to nonpolar membrane environment. Secondly, the reduced binding affinity with 

increasing urea concentration, as seen in Figure 4.3, suggests the existence of hydrophobic 

interactions between the lipid bilayer and Tim3. As urea does not significantly alter the physical 

properties of the lipid bilayer [16], but acts to solubilize hydrophobic entities [17, 18, 19, 20, 21], 

it has the effect of making the exposed tryptophan and leucine residues on Tim3 more 

energetically favorable in the bulk. The change in binding free energy from 0 to 5 M urea is 5.65 

kJ/mol, which is likely the lower bound of the contribution of hydrophobic interaction to the total 

binding free energy. 

 

4.3.3 Tim3 is selective for more loosely packed membranes, possibly due mainly to a 

reduction in mechanical resistance for membrane insertion 

 



	 53	

Our results showed a ten-fold higher affinity of Tim3 to the bi-unsaturated DO vesicles than the 

mono-unsaturated PO vesicles, while no detectable affinity towards the saturated DM lipids, as 

shown in Figure 4.4a-c. The area per molecule and charge of the different lipids are summarized 

in Table 4.2. For lipids of the same headgroup, the area per molecule decreases as the number of 

unsaturation sites decreases. POPG has the same size as POPS, while POPA is roughly 10% 

smaller. Therefore, the packing density of lipid membrane seems to be a key parameter in 

modulating Tim3 binding. Peripheral binding proteins that shallowly insert into lipid membranes 

are known to be capable of sensing membrane packing density [5, 6, 7, 15], for which two major 

mechanisms have been proposed. Lower membrane packing density generally allows for greater 

degree of protein insertion [5], since imperfect lipid packing presents more spatial defects in the 

membrane [6]. 

 

This increase in binding free energy with increased packing density may also be explained 

mechanically. To insert into the lipid membrane, Tim3 would work against the stretching 

modulus of the membrane. The stretching moduli of mixed PC and PS bilayers could not be 

found, however, measurement or simulation results on the stretching moduli of pure DOPC, 

POPC, and DMPC can be found in the literature. The stretching moduli of DOPC [22, 23], 

POPC [24, 25, 26], and DMPC [27] are about 176, 255, and 855 mN/m respectively. Assuming 

the stretching moduli of 7:3 DOPC:DOPS and 7:3 POPC:POPS to be close to those of DOPC 

and POPC, and further assuming the change in binding free energy between the all DO lipid 

vesicles and the all PO lipid was due to the difference in work against the stretching moduli, the 

insertion area of Tim3 would be 

𝛥𝐴 = ���
��∙��

≈ �.��� /�¡¢
��∙£���/�

= 12	Å5. 
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Lipid Charge Area per Molecule (Å2) Stretching Modulus (mN/m) Phase at 23 ℃ 
DOPC 0 72.5* (no salt) [28] 176 [22], 188 [23] Fluid 
DOPS -1 64.1* (no salt) [28]  Fluid 
POPC 0 64# [8] 272 [24], 180 [25], 330 

[25], 240 [26] 
Fluid 

POPS -1 55# [8, 29]  Fluid 
POPG -1 55# [29]  Fluid 
POPA -1 to -2 50±2# [8]  Fluid 
DMPC 0 48.1(gel)*, 59.7 (fluid)* [28] 855 [27] Gel (Tm = 24℃ ) 
DMPS -1 40.8* [28]  Gel 
Table 4.2: charge, area per molecule, and stretching moduli of lipids in binding studies. *: 
experimental result. #: simulation result. 
 

Incidentally, 12 Å2 is around the size of the indole group of a tryptophan residue. As the indole 

group would not insert flat into the membrane, and the other hydrophobic residues would also 

contribute to the total insertion area, the insertion area might be close to 12 Å2. On the other 

hand, assuming the insertion area is indeed 12 Å2, the change in binding free energy from PO to 

DM lipids would be 

ΔΔ𝐺(ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑡𝑖𝑐𝑎𝑙) = Δ𝐴 ∙ 𝑁© ∙ Δ𝑚 ≈ 43.3kJ/mol, 

or bout 17 kT. This large increase in binding free energy would result in binding affinity below 

the detection limit by the fluorescence binding assay. 

 

4.3.4 Tim3 is selective for high membrane negative charge density likely due to electrostatic 

interaction with negatively charged lipid headgroups 

 

Tim3 affinity to POPC:POPS=95:5 vesicles was much lower than that to POPC:POPS=7:3 

vesicles as seen in [2], and Figure 4.5a. However, also seen in Figure 4.5a, Tim3 affinity to 

POPC:POPS:POPG=70:5:25 vesicles is similar to that of POPC:POPS=7:3 vesicles, while 

POPC:POPG=7:3 vesicles did not show detectable binding (Table 4.1). These pieces of 
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evidence, taken together, suggest that Tim3 needs a base amount of PS lipids (such as 5%), 

beyond which the protein only seems be affected by the overall negative charge of the headgroup, 

so the additional 25% lipid being POPS or POPG does not alter the binding affinity to first order 

approximation. 

 

Two possible mechanisms exist for this sensitivity to membrane negative charge density. Firstly, 

negatively charged lipids sequester significant amounts of Ca2+ under physiological salt 

conditions, as shown in Figure 4.9a-b. The Ca2+/SOPA ratio of 0.49 ± 0.02 agrees with the 

stoichiometry between DMPA liposomes and Ca2+ under low availability of Ca2+, but is half of 

that under high availability of Ca2+ [30]. This stoichiometry is also half of the same monolayer 

film under a 10 mM HEPES buffer and no NaCl at pH 7.5 [13]. For SOPS, the result of 0.34 ± 

0.02 Ca2+ per headgroup, a ratio of less than 0.5 agreed with the measurements of PS headgroups 

in the sequestration of Ca2+ and other cations [31, 32], as well as with molecular dynamics 

simulations [23, 34]. However, this mechanism seemed not likely to be the major cause for 

enhancing Tim3 affinity, as SOPG sequesters less Ca2+ while it has very similar ability to 

stabilize bound Tim3. Secondly and more probably, Tim3 interacts directly with the negatively 

charged residues via its four basic residues identified in the molecular interaction model (see 

Figure 4.2b). Moreover, the existence of this electrostatic interaction is also supported by the 

dependence of binding on ionic strength, as shown in Figure 4.5b. 

 

4.3.5 Tim3 physicochemical selectivity 
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So far our evidence supports the physicochemical selectivity of Tim3 to PS-containing lipid 

membranes. That is, (1) the binding site is chemically specific to both Ca2+ and the PS headgroup, 

(2) the insertion of hydrophobic residues brings the PS binding site and the hydrophobic residues 

to proper alignment with the membrane, and (3) the peripheral residues sense the negative charge 

distribution on the membrane. These three selectivity factors combined to give four modes of 

interaction that could make up the total binding free energy: specific Ca2+ mediated binding to 

PS, electrostatic interactions, hydrophobic contacts, and mechanical stretching of the membrane. 

Among these four modes, the PS binding site seems to contribute the majority of the binding 

energy, as Tim3 did not bind to vesicles without the PS headgroup in the PO vesicle binding 

studies (Table 4.1). Even though lowering the ionic strength to 0.005 M dramatically increased 

the binding affinity, such that 1.2 µM Ca2+ saturated the binding, removing the free Ca2+ using 

EGTA could still free all Tim3, as seen in Figure 4.5b. 

 

The combined energies of these four modes of interaction provide Tim3 with a parameter space 

that tunes its interaction with plasma membranes that is significantly different from the other two 

TIM proteins as well as from more than 40 other PS binding proteins [35]. The use of a 

combination of the four modes of interaction, in addition to other possible modes of interaction 

such as curvature sensing [36, 37], might well be shared by some of the PS binding proteins, 

giving them the parameter space to be adequately differentiable in a physiological environment. 

 

4.3.6 Connection between Tim3 physicochemical selectivity and its sensitivity to PA 
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Small increments of PA, such as 1%, would not be able to change significant affect the amount 

of sequestered Ca2+ concentration, as seen in Figure 4.9b, but significantly reduced the 

Kh(Ca54) from 405 µM to 138 µM, a 3-fold decrease (Figure 4.7). Thus, the PA enhancement 

effect is likely not due to increased local Ca2+ concentrations. Instead, the PA enhancement 

effect could be the combined result of two other elements of its physicochemical selectivity. First, 

PA could enhance electrostatic interaction. Phosphatidic acid has a pKk5 for the second proton in 

the headgroup of around 7.5 [38]. Thus, at pH 7.5, it would bear a nominal charge of about -1.5. 

But, due to further deprotonation, this negative charge could be increased significantly through 

contact with a lysine or arginine residue [38]. This increased charge was found to approach -2 for 

lysine. At 1% PA, assuming even distribution of PA in the inner leaflet and outer leaflet, the 

external PA concentration is 1.5 µM, or on average 8.8 PA headgroups for each Tim3. As seen in 

Figure 4.7, addition of PA beyond 5% did not further affect the binding affinity much, which 

suggested the PA effect could be “saturated”, also consistent with Tim3 associating with a given 

number of PA headgroups. The increased negative charge of PA could result in Tim3 

experiencing a significantly higher charge environment. Secondly, PA has a much smaller 

headgroup cross-sectional area compared to the tail cross-sectional area and so has a negative 

spontaneous curvature [8, 39], which could facilitate protein insertion either by introducing 

defects into the membrane, or by virtue of less special hindrance to the inserted parts on the 

protein. The observed binding enhancement by PG appeared to be secondary, and could be due 

to slight alterations in the hydrogen bonding or charge/charge interaction between Tim3 and PG 

or PS headgroups. 
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4.3.7 Tim3 sensitivity to PA and membrane packing density could be involved in the 

regulation of neutrophils 

 

Could the high sensitivity of Tim3 to small amounts of PA and membrane packing density be 

physiologically relevant? PA can be produced rapidly when phosphatidylcholine phospholipase 

D (PC-PLD) is activated in mammalian cells, resulting in PA levels as high as 1-4% of the lipid 

in the plasma membrane [35]. Immune receptors are coupled to the activation of PC-PLD, 

although it is uncertain what immune events ensue [40]. In mammalian cells, a wide range of 

immune processes have been proposed to be affected by PC-PLD activation and the generation 

of PA; these include phagocytosis, the respiratory burst in neutrophils, inflammation, and 

diabetes [41, 42, 43]. That proteins and lipids in the cell membrane self-organize into functional 

domains with higher packing density is well established [44, 45, 46]. The dynamics of such 

organized domains might modulate membrane packing density and alter the affinity of Tim3 

towards the cell membrane. 

 

Several lines of evidence support the possibility that Tim3 is involved in the regulation of 

neutrophils. Neutrophils, the most abundant white blood cells, are highly mobile phagocytes that 

act as first responders to acute inflammation where they rapidly engulf foreign materials [47]. To 

do so, they rapidly generate copious highly oxidative molecules that attack the internalized 

particles. Neutrophil apoptosis follows shortly [48]. An important hallmark of neutrophil 

apoptosis is the activation of PC-PLD, which significantly elevates membrane PA content. 

Furthermore, at later stages of apoptosis, PS is exposed on the outer leaflet of neutrophils, and 

the tightly packed self-organized cell membrane domains start losing integrity These factors 
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would promote the binding of Tim3 to such apoptotic neutrophils. This increased reaction would 

result in the phagocytosis of the apoptotic neutrophils cells by Tim3-expressing macrophages, 

such as monocytes, dendritic cells, and natural killer cells. Since the regulation of neutrophils is 

highly correlated with immune-deficient diseases like chronic viral infection [49, 50] and various 

types of cancer [51], and Tim3 has been repeatedly linked to these diseases, the involvement of 

PA in Tim3 mediated pathways merits further investigation. 

 

4.4 Conclusion 

 

We quantified and confirmed that Tim3 binding to PS-containing membranes is the weakest 

compare to Tim1 and Tim4. Its PS binding site specifically requires Ca2+ and a PS headgroup, 

which contributes the majority of the binding energy. Tim3 has a high sensitivity to membrane 

packing density, which might arise from the shallow insertion of the hydrophobic tips of the FG 

and CC’ loop into the membrane. Tim3 also has significant electrostatic interaction with the 

negative charges on the membrane, which is attributed to the four basic residues on Tim3 are in 

close proximity to the membrane. This chemical specificity, membrane packing sensitivity, and 

negative charge dependence combined to give Tim3 a unique physicochemical selectivity to PS-

containing membranes, so that it could be adequately differentiable from the other PS binding 

proteins. We observed that small increments of membrane PA could significantly enhance Tim3 

binding. The combined effect of the membrane packing sensitivity and charge sensitivity could 

explain the Tim3’s high sensitivity to PA. The high sensitivity of Tim3 to PA in lipid membranes 

indicates that the exposure of PA at the plasma membrane might serve as a second signal in the 

immunological functions of Tim3. A change in target cell plasma membrane PA exposure or in 
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its lipid packing density could be involved in various pathophysiological processes. Future 

efforts in the study of the sensitivity of Tim3 to PA and membrane packing density, such as the 

phagocytosis of apoptotic neutrophils, could lead to a better understanding of its involvement in 

health and disease. 

 

4.5 Methods and Materials 

 

Materials. Analytical grade 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 

CaCl2, NaCl, and urea and solvents including chloroform, methanol, acetone were procured from 

Fisher Scientific (Hampton, NH). Lipids including POPC, POPS, POPG, POPA, SOPC, SOPS, 

SOPG, SOPA, DOPC, DOPS, DMPC, DMPS were obtained from Avanti Polar Lipids 

(Alabaster, AL). The buffers used in most studies were composed of 10 mM HEPES and 150 

mM NaCl at pH 7.5, (termed HBS). 

 

Protein Production. The cDNA of Tim4, Tim1, and Tim3 were a generous gift from Shigekazu 

Nagata (Osaka University, Osaka). The cDNA corresponding to the murine form of the PS 

recognition domains (Ig domain) of Tim4 [residues D4-A112; Protein Data Bank code 3BIB 

(23)], Tim1 [residues D2- E112; Protein Data Bank code 2OR8 (38)], and Tim3 [residues G6-

K112; Protein Data Bank code 3KAA (30)] were cloned in frame with a C-terminal 6× His tag 

into the pAcGP67A vector (BD Biosciences). Recombinant Tim4, Tim1, and Tim3 were all 

produced in Hi5 cells via baculovirus transfection, as previously described [52], with the 

exception that a higher salt buffer was used for purification (10 mM Hepes at pH 7.2 plus 450 

mM NaCl buffer). The higher concentration of NaCl buffer was critical for maintaining protein 
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solubility during the purification process. After purification, protein was stored at 4 °C and was 

stable for several months. All mutant proteins were purified via the same procedures and showed 

identical elution profiles over FPLC and nearly equivalent protein yields, suggesting minimal 

disruption to the underlying protein structure. 
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CHAPTER 5 

STRUCTURAL BASIS FOR FOUR MODES OF INTERACTION BETWEEN THE 

MFG-E8 C2 DOMAIN AND LIPID MEMBRANES CONTAINING 

PHOSPHATIDYLSERINE 

 

5.1 Overview 

 

Milk fat globule epidermal growth factor 8 (MFG-E8), is a secreted phosphatidylserine (PS) 

receptor that acts as a linker between macrophages and apoptotic cells and PS-exposing vesicular 

structures. Different from the Tim proteins, it binds PS in a calcium-independent manner [1]. 

The C2 domain of MFG-E8 is mainly responsible for interacting with PS in a lipid membrane. 

Here by use of molecular dynamics simulations with its NMR structure as the starting point, we 

obtained a most representative membrane bound structure of the domain. We then obtained the 

orientation and insertion depth of the C2 domain by fitting the x-ray reflectivity from a lipid 

monolayer adsorbed with the C2 domain using this membrane bound structure. The resolved 

membrane bound configuration of the domain enabled us to identify key hydrophobic and basic 

residues involved in enhancing the overall binding in addition to the putative PS binding groove. 

Our structural model suggested four modes of relatively independent interaction between the C2 

domain and the lipid membrane, namely PS-specific, hydrophobic, electrostatic, and mechanical. 

Using a binding assay based on its intrinsic fluorescence, we validated the existence of these 

three models, and found the PS-specific interaction to be the main contributor to the overall 

binding energy. These four modes of interaction could explain the different PS specificity of the 

domain observed across different model systems. We further revealed a soft sigmoidal response 
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of the C2 domain to surface PS density. We believe the unique combination of these four modes 

of interaction might give the MFG-E8 C2 domain additional membrane selectivity in addition to 

its specificity to PS.  

 

5.2 Computational and Experimental Studies 

 

5.2.1 MD study of the C2 domain interaction with a lipid bilayer 

 

As protein configuration could change dramatically upon binding to membrane, we used the 

lowest energy state NMR structure [1] as the starting structure to conduct molecular dynamics 

simulations to find a membrane-bound state of the domain. The lipid system used in our study is 

made up of 70 mol% 1-pamiltoyl-2-oleoyl-sn-glycerol-phosphacholine (POPC) and 30 mol% 1-

pamiltoyl-2-oleoyl-sn-glycero-phosphatidylserine (POPS), henceforth denoted as 7:3 

POPC:POPS. We used the highly mobile membrane mimetic (HMMM) method to speed up the 

docking event [2]. Five HMMM trajectories were simulated, each for 200 ns. Within 10 ns from 

the start of simulation, the domain was docked to the membrane for all five trajectories. Then the 

root mean square distance (RMSD) of the C2 domain in reference to the NMR structure evolved 

to stabilize around 4.5 Å after 50 ns, after which nine starting frames with different protein 

orientations were selected for extending the tails and simulated for an additional 200 ns. For all 

nine extended tail trajectories, we aligned the protein in the plane horizontal to the membrane, 

calculated a mean structure based on the aligned protein structures, and subsequently located the 

frame that most resembled the mean structure by minimizing RMSD between the mean structure 
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and the protein structure in the MD frame. We refer to this new protein structure as MD-

optimized. 

 

This MD-optimized structure, seen in Figure 5.1a, captured the mean configuration of the 

protein with the membrane. This membrane-bound domain structure suggested four major modes 

of interactions of the domain with the lipid membrane. The putative PS binding groove [1], 

between Loop 2 and 3 as outlined by R79, R146 and K45 indeed faces the membrane, suggesting 

PS-specific recognition. The tryptophan and phenylalanine residues (W26, W33, and P31) on 

Loop 1 anchors into the membrane, suggesting hydrophobic interactions, while another two 

arginine residues (R79, R146) and one lysine residue (K24) could form contacts with the 

membrane headgroup, suggesting electrostatic interactions. The shallow insertion of the protein 

into the membrane would also entail work against the stretching modulus of the elastic lipid 

membrane. As seen in Figure 5.1b, the teal colored MD-optimized structure shows significant 

rearrangements in the extended loops from the lowest energy state NMR structure. The major 

differences are in the arrangements of the peripheral loops, and thus result in significant 

redistribution of the electron density profile. This MD-optimized structure differed from the 

original NMR structure by an RMSD of 5.28 Å, which is around 1.8 times that of the 

equilibrated state, as seen in Figure 5.1c. As the flexible peripheral loops mediate the interaction 

between the domain and the lipid membrane, significant conformational changes in the 

peripheral loops upon contacting the membrane are not surprising. As seen later, this MD-

optimized structure fits the XR data much better, suggesting it is more representative of the 

bound state of the domain than the solution structure revealed by NMR. 
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Figure 5.1: C2 domain membrane bound structure from MD simulations. (a) C2 domain 
bound to a bilayer lipid bilayer of 7:3 POPC:POPS in the MD-optimized frame. Only one leaflet 
of the membrane was shown. Yellow are arginine residues, namely R29 on Loop 1, R79 on Loop 
3, and R146, which is not on a major loop. Red are lysine residues, namely K24 on Loop 1, and 
K45 on Loop 2. Purple are tryptophan residues, including W26 and W33 on Loop 1. Blue is the 
phenylalanine residue, P31, on Loop 1. The putative binding [1] site is outlined by R146 and 
R79 on Loop 3 with K45 on Loop 2. (b): Aligning of the C2 domain NMR structure with the 
membrane MD equilibrated bound structure. The teal colored one is the MD-optimized structure, 
while the gray colored one is the NMR structure. The RMSD between these two structures are 
calculated to be 5.28 Å. (c): The RMSD of a representative trajectory sampled every 
nanosecond, using either the last frame as the reference, or the MD-optimized strcture as the 
reference. 
 

5.2.2 Study of the C2 domain adsorbed to lipid monolayer using XR 

 

XR data were collected from lipid monolayers composed of 70 mol% 1-stearylol-2-oleoyl-sn-

glycero-3-phosphacholine (SOPC) and 30 mol% 1-stearol-2-oleoyl-sn-glycero-3-

phosphatidylserine (SOPS) (7:3 SOPC:SOPS) at varying surface pressure with the C2 domain in 

the subphase. The SO lipids were used to reduce damage of the film by x-ray [3]. A total of four 

films were studied, with various protein concentrations and surface pressures, as summarized in 

Table 5.1. Eight datasets with fifteen XR curves were collected for the 7:3 SOPC:SOPS system 
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on HBS buffer (10 mM HEPES, 150 mM NaCl, pH 7.5). Originally, we tried fitting the XR data 

using the solved NMR structure [1], which produced a poor visual fitting, and very high reduced 

𝜒5 values, with lowest at 23.76 (see Figure 5.2). As significant rearrangements of the peripheral 

loops were observed upon the C2 domain contacting the membrane, associated with major 

redistribution in its electron density profile, we deduced that the MD-optimized structure, as 

described in the previous section should be more suitable. 

 

 

 
Figure 5.2: Fitting x-ray reflectivity using the NMR structure. (a) 𝜒5 distribution over (𝜃, 𝜙) 
pairs. This is the minimized 𝜒5 over the parameter space while fixing (𝜃, 𝜙). The smallest 𝜒5 on 
the map was 3918, which is about 4 times that of the same dataset using the RMSD-minimized 
structure obtained from MD simulations. 
 

As seen in Figure 5.3a, the representative Fresnel normalized reflectivity against the z-

component of the momentum transfer (𝑄" = 4𝜋/𝜆) from the monolayer with protein adsorbed is 

starkly different from that of the lipid monolayer without protein. The contrast between the lipid 

only and lipid + protein film seen here is much larger than the Tim4 [4]. The interference fringes 



	 71	

in the reciprocal space seen for the protein-adsorbed system were indicative of a protein layer 

beneath the lipid monolayer. To fit XR data from the protein-adsorbed film, the protein 

orientation, defined by the angle of rotation, 𝜃, about the principal x-axis, and the angle of 

rotation, 𝜙, about the principal z-axis (Figure 5.3b), the insertion depth of the domain, and the 

surface number density of the protein were fit to the data. A detailed description of the fitting 

procedure is included in Chapter 3. 

 

Film 
# 

C2 
(nM) 

Pressure 
(mN/m) 𝜃(°) 𝜙(°) Head (Å) Tail (Å) Coverage Insertion 

(Å) 
1 100 30 32, 31 295, 292 12.58, 12.55 13.20, 13.22 0.07, 0.07 8.27, 8.30 

2 200 
20 
25 
30 

34, 34 
33, 33 
35, 34 

289, 293 
291, 291 
290, 293 

11.07, 10.71 
11.20, 11.26 
12.01, 11.98 

11.98, 12.40 
13.11, 12.98 
13.54, 13.60 

0.22, 0.21 
0.18, 0.19 
0.15, 0.15 

8.08, 8.07 
7.75, 7.75 
7.69, 7.76 

3 1000 30 35, 35 290, 290 11.56, 11.50 13.47, 13.44 0.21, 0.21 8.00, 8.01 

4 1000 
20 
25 
30 

32, 33 
31, 32 
30, 35 

295, 293 
291, 292 
289, 292 

11.92, 11.99 
12.02, 12.03 
12.30, 12.48 

11.01, 11.00 
12.58, 12.59 
13.50, 13.35 

0.24. 0.24 
0.21, 0.20 
0.17, 0.17 

8.57, 8.55 
8.25, 8.22 
7.94, 7.88 

Table 5.1: XR fitting results. For Film 2 and 4, the surface pressure was increased from 20 to 
25, then to 30. 
 

As seen in the representative reduced 𝜒5 map in Figure 5.3c, there was a single (𝜃, 𝜙) well 

where the domain fits the best. The smallest reduced 𝜒5 value for this particular film was 12.29, 

similar to previously reported value for using the model [3]. For all sixteen XR curves, the fitted 

orientation came out to be (𝜃 = 33 ± 1°, 𝜙 = 291 ± 4°). On the other hand, the coverage of the 

domain, as calculated by the footprint of the protein (which is 5.84 nm2 at the optimal orientation, 

see Figure 5.4) multiplied by its number density, showed a clear dependence on surface pressure 

(Figure 5.3e). The insertion depth seemed to weakly depend on the surface pressure (Figure 

5.3e), and it was centered around 7.88 Å. The tail length increased with increasing surface 

pressure, consistent with a more upright lipid packing (Figure 5.4). The corresponding electron 

density profile of the lipid monolayer adsorbed with protein, with or without thermal smoothing, 
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is seen in Figure 5.3d. The double humps in the electron profile were necessary for capturing all 

the features in the XR curve. Crucially, the fitted lipid parameters, found in Table 5.1 were 

similar to SO monolayers in previous studies [3, 4]. 

 

The resolved orientation and insertion in relation to a lipid membrane is depicted in Figure 5.3e. 

The interaction configuration of the domain bears close resemblance to the MD-optimized 

structure from the simulation, with three significant features for the binding configuration. First, 

the putative binding site, the cleft outlined by K45 on Loop 2, and R79 and R146 on Loop 3, is 

in close proximity to the membrane. Second, two tryptophan (W26 and W33) and one 

phenylalanine (P31) residues on Loop 1 were inserted in the headgroup region. Third, two basic 

residues, the lysine residue on Loop 1 (K24) was at the surface of the headgroup region, and the 

arginine residue on the same loop (R29) inserted into the headgroup region. 
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Figure 5.3: XR analysis of the protein bound orientation. (a): Representative XR data from a 
lipid-only membrane, and a lipid membrane with protein adsorbed. The lipid system was 7:3 
SOPC:SOPS. Here the protein concentration was 1 µM, and the surface pressure was kept at 30 
mN/m. (b): Definition of the protein orientation. 𝜃 is the angle of rotation angle about the x-axis, 
and 𝜙 is the angle of rotation about the z-axis. (c): A representative reduced 𝜒5 map over the 
two-dimensional (𝜃, 𝜙) grid. Here the lowest reduced 𝜒5 was 12.29, about one half of that 
obtained from fitting the NMR structure to the same dataset (Figure 5.2). (d): Electron density 
profile before and after smoothing with thermal fluctuation for the lipid membrane with adsorbed 
protein at its best fit orientation and level of insertion. (e): Dependence of area coverage and 
insertion depth on surface pressure from fitting to the XR data sets with 1 µM protein in the 
subphase. (f): Best-fit configuration of the protein. The protein and lipid were drawn to scale. 
The color scheme is the same as Figure 5.1a. Yellow are arginine residues, namely R29 on Loop 
1, R79 on Loop 3, and R146, which is not on a major loop. Red are lysine residues, namely K24 
on Loop 1, and K45 on Loop 2. Purple are tryptophan residues, including W26 and W33 on 
Loop 1. Blue is the phenylalanine residue, P31, on Loop 1. The putative binding [1] site is 
outlined by R146 and R79 on Loop 3 with K45 on Loop 2. 
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Figure 5.4: C2 domain cross sectional area tail length. (a) C2 domain area profile along the z-
axis at (𝜃 = 33°, 𝜙 = 291°). (b): C2 domain electron density protein at  (𝜃 = 33°, 𝜙 = 291°). (c): 
Fitted lipid tail length and insertion depth of the C2 domain as a function of surface pressure for 
7:3 SOPC:SOPS vesicle system, with 1 µM C2 protein in the subphase. 
 
 

5.2.3 Quantification of the C2 domain binding to PO lipid vesicles via its intrinsic 

tryptophan fluorescence spectral shift 

 

So far with the structural studies, we have found that two tryptophan (W26 and W33) and one 

phenylalanine (P31) residues on Loop 1 that could insert into the membrane headgroup region. 

This shallow insertion of hydrophobic residues into the lipid membrane could serve to guide and 

anchor the protein to the correct interaction geometry [5]. When tryptophan residues move from 

the more polar water environment into the membrane headgroup/tailgroup interfacial region, its 

fluorescence spectrum displays a blue shift and an increase in intensity, which could be utilized 

to measure the bound fraction of the burying entity [6]. Using 7:3 POPC:POPS vesicles, we have 

quantified the increase in intensity to be 73%, and the blue shift to be 4 nm comparing the fully 

bound domain with the free domain for 7:3 POPC:POPS vesicles. The PO lipids are used to 
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match previously conducted experiments with Tim3 (Chapter 3), and to cross compare with 

published data on Tim4 [4]. As the spectra of a given protein sample mixed with lipid would be a 

linear combination of the bound and the unbound spectra [4, 6], we made use of this metric to 

quantify the binding affinity of the C2 domain to various vesicle samples. 

 
Figure 5.5: binding of the C2 domain to PO lipid vesicles studied by its intrinsic tryptophan 
fluorescence spectral shift. (a): Tryptophan fluorescence spectral shift of the MFG-E8 C2 
domain upon binding to vesicles. Here, the C2 domain concentration was kept at 100 nM, and 
lipid concentration was 0 µM for the free protein spectrum, and 300 µM for the bound spectrum. 
The spectra were normalized to the maximum of the free protein spectrum for easier comparison. 
Upon binding to lipid vesicles, the protein spectra showed a 70% increase in intensity, as well as 
a 4 nm blueshift. (b): No detectable binding was observed for the POPC only, 7:3 POPC:POPG, 
nor 7:3 POPC:POPA vesicles. The bound fraction of C2 domain for the 7:3 POPC:POPS vesicle 
system as a function of lipid concentration was fit to a dissociation constant, 𝐾:, of 13.3 ± 1.1 
µM. (c): Dependence of the bound fraction of the C2 domain on lipid concentration. The fitted 
Kd of 7:3 POPC:POPS, 70:5:25 POPC: POPS: POPA, and 70:5:25 POPC: POPS:POPG systems 
were 13.3 ± 1.1, 11.75 ± 1.0, and 24.42 ± 1.9 µM, respectively. (d): Change in binding free 
energy using the 7:3 POPC: POPS system as reference, ΔΔG = RT ln(Kh/Kh­). 
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To better understand the interaction of the C2 domain with biological membranes, we studied the 

binding affinity of MFG-E8 with vesicles composed of mixtures of POPC, POPS, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphatidic acid (POPA), namely vesicles composed of 7:3 POPC:POPS, 7:3 POPC:POPG, 

and 7:3 POPC:POPA. Contrary to micelle studies [1, 7], we found that the C2 domain did not 

bind to neat POPC vesicles [8], nor did it show detectable affinity to POPC mixed with 30 mol% 

of either POPG or POPA (see Figure 5.4b). In contrast, the C2 domain showed strong affinity to 

7:3 POPC:POPS vesicles. For the 7:3 POPC:POPS system, the bound fraction of protein can be 

fit to a one-site specific binding model with a dissociation constant of 13.3 ± 1.1 µM, as seen in 

Figure 5.6b. 

 

Both our structural studies using molecular dynamics simulations and XR analysis pointed to the 

likely involvement of the basic residues, in particular lysine (K24) and arginine (R29), on the 

insertion loop in strengthening the interaction. We therefore tested the affinity of the C2 domain 

to vesicles with a base level of POPS (5%) and an additional 25% of either the negatively 

charged POPG or POPA, so that the total charge density was maintained at 30%. As seen in 

Figure 5.6c, all three kinds of vesicles bind well with the C2 domain, a stark contrast to binary 

POPC/POPG or POPC/POPA vesicles (see Figure 5.4b). The dissociation constants of the 

70:5:25 POPC:POPS:POPA system was very close to that of the 7:3 POPC:POPS system, while 

that of the 70:5:25 POPC:POPS:POPG was found to be slightly lower, corresponding to an 

increase in binding free energy of 1.5 kJ/mol. 

 

5.2.4 Sigmoidal response of MFG-E8 to PS-containing membranes 
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Our data suggested that the C2 domain has a PS specific mode of interaction, which presumably 

originated from the PS binding groove, and an electrostatic part that senses negative charge in 

the membrane. These two modes of interaction would give rise to a C2/PS stoichiometry larger 

than one. To test this hypothesis, we studied the dependence of binding on the surface density of 

POPS in vesicles composed of binary mixtures of POPC and POPS. As seen in Figure 5.6, the 

dependence exhibited a sigmoidal behavior, indicating the C2 domain interacting with multiple 

PS simultaneously. Using the Hill model to fit the bound fraction dependence on PS%, i.e. 

𝐵𝑜𝑢𝑛𝑑	𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = (®¯%)a

_`4 ®¯% a , 

where h is the Hill coefficient, h = 1.78 ± 0.19 was obtained. 

 

 

Figure 5.6: Dependence of the C2 domain binding on PS surface density. Here the lipid 
concentration was kept at a constant 300 µM. Each data point represents the mean and standard 
deviation of at least three repeats. Fitting the curve to the Hill model gave a Hill coefficient of 
1.78 ± 0.19. 
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Resolving the membrane-bound structure combining MD simulations and XR methods. 

Fitting the XR using the NMR structure did not yield meaningful results, suggesting that the 

NMR structure poorly captured the structure of the protein when interacting with the membrane. 

One the other hand, the MD-optimized structure proved to be adequate in explaining the 

observed membrane sensitivity of MFG-E8 and was critical for fitting the orientation, insertion, 

and the coverage of the C2 domain to the XR data. The MD-optimized membrane-bound 

structure in Figure 5.1a, and the x-ray resolved structure in Figure 5.2f were very similar, and 

thus cross-validated well. Both structures pointed to three relatively independent modes of 

interaction between the C2 domain and lipid membranes: (1) the putative PS binding site 

between Loop 2 and Loop 3 in close proximity to the lipid headgroup region, (2) the basic 

residues, especially K24 and R29 on Loop 1, which could mediate electrostatic contacts with 

negatively charged lipid headgroups, and (3) the hydrophobic residues, especially W26 and P31 

on Loop 1 that could anchor the protein and mediate additional hydrophobic interactions. 

 

Major rearrangement of the peripheral loops upon C2 domain binding to the membrane, such as 

the displacement of Loop 2, as seen in Figure 5.1b, could have prevented successful fitting using 

just the NMR structure. The rearrangements might also explain the two-stage kinetics in C2 

domain binding to vesicles observed earlier [8]. The insertion of the loops, especially Loop 1 and 

Loop 3 into the headgroup region, could give the C2 domain a sensitivity to lipid packing density. 

As seen in Figure 5.2e, the surface area coverage of the C2 domain showed a linear decrease 

with increasing surface pressure, dropping from 22.3% at 20 mN/m to 14.4% at 30 mN/m. 

Therefore, one should also expect a dependence of the C2 domain insertion on membrane 



	 79	

packing density, and a selectivity for more loosely packed membranes, such as lipids with more 

unsaturated bonds, or micelles with higher curvatures. 

 

Four modes of interaction between the C2 domain and PS. The transition of tryptophan 

residues from the polar water environment to the relatively less polar lipid membrane would 

entail an increase in its tryptophan fluorescence, and a blueshift [6]. Both the MD-optimized 

structure and the XR fit structure pointed to membrane insertion of two tryptophan residues on 

Loop 1, namely W26 and W33 into the membrane (Figure 5.1a, Figure 5.2f). The observed 

tryptophan fluorescence spectral shift, with 73% increase in intensity, and 4 nm blueshift, further 

supported both structures. The intensity increase and the extent of the blueshift observed here 

were considerably larger than the 10% increase and 2 nm blueshift observed for vesicles 

composed of bovine brain and egg yolk lipids [8]. The cause of such a discrepancy remained 

unclear to the author. 

 

As seen in Figure 5.5a, the MFG-E8 C2 domain did not bind to neat POPC vesicles, nor did it 

bind to binary mixtures of POPC with either 30 mol% POPG or 30 mol% POPA. Since all lipids 

have the same tailgroup, and all of them were at their fluidic state, our data suggested a high 

level of specificity towards the PS headgroup. This result also agreed with previous report that 

the C2 domain did not bind to vesicles containing 99:1 PC:PG [8]. Conversely, the C2 domain 

did bind to PG in micelles [1, 8]. This PG affinity discrepancy between vesicles and micelles 

likely arose from alterations in lipid packing and curvature between vesicles and micelles [9]. 

The binding affinity has been demonstrated to increase with increasing membrane curvature [8]. 
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As large unilamellar vesicles likely better resemble apoptotic cells and vesicular debris, the 

MFG-E8 C2 domain would indeed be specific to the PS headgroup under physiologic conditions. 

 

PA and PG alone could not recruit the C2 domain to the membrane surface (Figure 5.4b). 

However, with the help of 5% PS in the vesicles, membranes with 25% PG or PA making up the 

rest of the surface charge density were able to facilitate significant binding, as well as did an 

additional 25% of PS (Figure 5.4c). These three lipids are all negatively charge, thus the 25% 

PG, PA, or PS in addition to the 5% PS likely mediates the electrostatic interactions between the 

membrane and the basic residues on the C2 domain, such as the K24 and R29 on Loop 1 (Figure 

5.1a, 5.2f). In the 7:3 POPC:POPS vesicle system, the PS would serve two roles: one as a ligand 

for the PS-specific binding site, and the other as a negatively charge contact for the basic amino 

acid residues outside of the binding site. 

The effects of increased surface pressure in the monolayer experiments seemed to be two-fold. 

For the 200 nM protein case, increasing the surface pressure from 20 to 30 mN/m led to a 

decrease of the surface coverage of the protein from 22% to around 15%, as well as a decrease in 

the insertion depth of the protein from 8.08 to 7.73 Å. Both effects would be consistent with the 

increased work needed to expand the membrane to accommodate the inserted part of the protein. 

 

Our data support the picture of having four modes of interaction working synergistically to 

recruit the C2 domain to the membrane. First, the PS binding groove appeared to be in close 

contact with the membrane, which likely provides the essential interaction as the lack of PS in 

the membrane results in no binding. Second, as seen from both the mean membrane-bound 

structure from MD simulations and the fitting of the XR data, two tryptophan residues and one 
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phenylalanine residue on Loop 1 are at the membrane headgroup region, which could mediate 

hydrophobic interactions with the membrane. Third, one lysine and one arginine residue on the 

loop are also in close contact with the membrane, which could further provide extra electrostatic 

contacts to increase the binding affinity. Fourth, the shallow insertion of the protein into the 

membrane would entail work against the stretching modulus of the membrane, resulting in a 

mechanical component in the total binding energy. 

 

Characteristics of the binding of MFG-E8 C2 domain to PS. The affinity of the C2 domain to 

PS is rather strong, and MFG-E8 competes potently with blood coagulation factors V and VIII 

for phosphatidylserine [10]. As such, bovine MFG-E8 has been used as a calcium-independent 

imaging agent for phosphatidylserine [11]. MFG-E8 binding is also strong compared to another 

apoptosis regulator, T cell immunoglobulin mucin 4 (TIM4). The dissociation constant to 7:3 

POPC:POPS vesicles of the C2 domain, at 13.3 ± 1.1 µM lipid (Figure 5.4a), is one third of that 

of the IgV domain of TIM4 [4]. This strong affinity is partly a result of the synergistic effect of 

the four modes of interaction present for the C2 domain. MFG-E8 is soluble, whereas TIM4 is 

grafted to the plasma membrane of phagocytes. The higher affinity of MFG-E8 for the 

membrane might be necessary to effectively bridge macrophages with PS-exposing apoptotic 

cells and vesicular debris, as this bridging interaction is a more difficult three-body interaction. 

 

The soft sigmoidal response to PS surface density, as seen in Figure 5.6, might give MFG-E8 a 

mechanism for targeting more efficiently higher level of PS exposure, while ignoring low levels 

of PS exposure. A similar sigmoidal response was discovered for TIM4, with a Hill coefficient 

of 2.40 ± 0.08 [4]. In addition, the hydrophobic insertion, or the insertion of other residues, could 
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give the C2 domain capability to select more fluidic or more loosely packed membranes, 

characteristic of the plasma membrane of apoptotic cells [12, 13]. The four modes of interaction 

between the C2 domain and PS-containing membrane give the C2 domain a four-dimensional 

parameter space to differentiate from the other PS binding proteins, which could help explain the 

subtle yet critical differences between the similarly globular PS binding domains of MFG-E8, the 

Tim proteins, and the other C2 domain bearing proteins such as blood coagulation factor V and 

VIII and PKC⍺	[14]. 

 

5.4 Conclusion 

 

Here we have elucidated the configuration of the C2 domain of MFG-E8 upon its interaction 

with the membrane using a combination of MD simulations and XR methods. The interaction 

configuration from the computational model agreed well with that obtained from experimental 

XR data, while the fitting to the XR data was only possible with the MD-optimized membrane-

bound native state. The resolved membrane-bound configuration of the C2 domain suggested 

three major modes of interaction between the domain and the PS-containing membrane, namely 

1) a PS-specific binding site, 2) electrostatic contacts, and 3) insertion of hydrophobic residues, 

which are confirmed by binding studies using PO lipid vesicles. XR results further demonstrated 

a preference of the C2 domain to lower surface pressure. Binding studies of the C2 domain with 

PO lipid vesicles results demonstrated that the PS-specific binding site is necessary for binding, 

which gives the C2 domain its PS specificity, while the electrostatic interaction contributes 

significantly to additional binding energy. Future studies should focus on elucidating the 
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importance of the lipid packing density sensitivity of the C2 domain and its possible involvement 

in the regulation of MFG-E8 function. 

 

5.5 Methods and Materials 

 

Lipids and chemicals. Analytical grade 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), CaCl2, NaCl, and urea and solvents including chloroform, methanol, acetone were 

procured from Fisher Scientific (city, state). Lipids including POPC, POPS, POPG, POPA, 

SOPC, SOPS were obtained from Avanti Polar Lipids (Alabaster, AL). The buffer in most 

studies was 150 mM NaCl plus 10 mM HEPES at pH 7.5. 

 

MD simulations. All atom MD simulations were performed as described in Chapter 3, Section 

3.1. Five trajectories with the C2 domain 20 nm away from the membrane and different protein 

orientations were simulated for 200 ns. Nine membrane bound states with different protein 

orientation were selected to extend the tails using the CHARMM-GUI HMMM 

protein/membrane builder, and simulated for another 200 ns. 

 

XR experiments. XR experiments were performed at ChemMatCARS of Sector 15ID at the 

Advanced Photon Source of Argonne National Laboratory. A custom trough with a movable 

barrier and surface pressure control loop was used to control the surface pressure of the lipid 

monolayer. Surface pressure was controlled at three values, 20, 25, and 30 mN/m. For each film, 

a reflectivity scan on the lipid-only system was performed prior to injecting the C2 domain to the 

subphase. The subphase volume was 70 mL, while the protein concentration was 80, so for the 1 
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µM protein case, at most 0.875 mL of protein was injected. Following the injection, an equal 

amount of buffer was removed from the subphase to restore the initial liquid level and 2 hours of 

equilibration time was allowed. Then, XR scans were taken within a Qz range of 0.018-0.65 Å-1. 

Two curves were gathered on a given film, which were generally quite similar, and averaged. 

 

Production of the MFG-E8L C2 domain in E. coli. The cDNA for the Mus musculus MFG-

E8L C2 domain containing a hexa-histidine tag at the C-terminus in the pET29b vector was a gift 

from Dr. Sreekanth Rajan and Dr. Yoon Ho Sup at Nanyang Technological University, 

Singapore. The plasmid was transformed into E. coli BL21 (DE3) cells for recombinant protein 

expression.  Expression and purification of the MFG-E8L C2 domain was performed essentially 

as described previously [23].  Briefly, transformants were selected on a LB agar plate containing 

30 µg/ml kanamycin and a single colony was inoculated into a 50 mL LB + kanamycin starter 

culture and grown at 37 °C in a shaker at 220 rpm for 15 hr.  20 mL of the starter culture was 

inoculated into 1 L of LB media containing kanamycin and grown to an OD600 ~0.7.  At this 

point, the culture was transferred to a room temperature (~25 °C) shaker and cells were induced 

to express the MFG-E8L C2 domain via the addition of 1 M Isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 1 mM.  After 4 hr of growth, the culture 

was harvested via centrifugation at 6,000 g for 10 min in a Beckman JLA-8.1 rotor.  After 

removing the supernatant, cell pellets were frozen at -80 °C.   

 

Cell pellets were resuspended at 4 °C via stirring with 10 mL/g of cell pellet in suspension buffer 

(20 mM Na–PO4, pH 7.3, 0.5 M NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF) and a 

pinch of DNAse).  Cell lysis was performed by passing the resuspension through a 
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microfluidizer (EmulsiFlex-C5 homogenizer, AVESTIN) three times.  Cell lysate was 

centrifuged at 22,000 rpm for 30 min using a Beckman JA-25.50 rotor.  The supernatant was 

brought up to 25 mM imidazole, pH 7 and the MFG-E8L C2 domain was extracted from the 

supernatant via batch binding for 1 hr at 4 °C with 3 mL of Ni-nitrilotriacetic acid (NTA) 

agarose beads (Qiagen).  Ni-NTA beads were then collected and washed with 3 bed volumes of 

washing buffer (20 mM Na–PO4, pH 6.5, 0.5 M NaCl, 1 mM PMSF and 25 mM imidazole) and 

eluted with elution buffer (20 mM Na–PO4, pH 6.5, 0.5 M NaCl and 0.2 M imidazole).  

Fractions containing the eluted protein was then pooled and desalted into 20 mM Na–PO4, pH 

6.5, 0.5 M NaCl via Econo-Pac 10DG Desalting Prepacked Gravity Flow Columns (Bio-Rad) to 

remove the imidazole and concentrated via Centrifugal Filter Units (Millipore) to 1 mL for two 

0.5 mL injections onto a S75 gel filtration column.  The MFG-E8L C2 domain elutes off of the 

S75 column at ~22 mL, which is much later than would be predicted based on the size of the 

MFG-E8L C2 domain.  Protein fractions were then analyzed by 12% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS–PAGE) and the protein concentration was calculated 

via the Bradford Protein Assay (Bio-Rad) or the hypothetical extinction coefficient generated by 

the ExPASy ProtParam tool.  Typical protein yields were ~2 mg/L culture medium.  The MFG-

E8L C2 domain is sensitive to concentration via Centrifugal Filter Units, so protein for 

experiments was used at the concentration in which it came off of the S75 column (~18 µM 

or .35 mg/mL). 
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CHAPTER 6 

DEVELOPMENT AND TEST OF A SOFTWARE TOOL (XERAY) FOR 

QUANTITATIVE ANALYSIS OF TOTAL REFLECTION X-RAY FLUORESCENCE 

(TXRF) FROM FINELY LAYERED STRUCTURES 

 

6.1 Overview 

 

Total reflection x-ray fluorescence (TXRF) is a widely applicable experimental technique for 

studying chemical element distributions across finely layered structures at extremely high 

sensitivity. To promote and facilitate scientific discovery using TXRF, we developed a 

MATLAB-based software package with a graphical user interface, named XeRay, for quick, 

accurate, and intuitive data analysis. XeRay allows the user to model any layered system, each 

layer with its independent chemical composition and thickness, and enables fine-tuned data 

fitting. The accuracy of XeRay has been tested in analysis of TXRF data obtained from both 

air/liquid interface and liquid/liquid interfacial studies. In an air/liquid interface study, Ca2+ 

sequestration was measured at a Langmuir monolayer of 1-stearoyl-2-oleoyl-sn-glycero-3-

phosphatidic acid (SOPA) on a buffer solution of 1mM CaCl2 at pH 7.5. Data analysis with 

XeRay reveals that each 1 nm2 of interfacial area contains 𝟐. 𝟑𝟖 ± 𝟎. 𝟎𝟔 Ca2+ ions, which 

corresponds to a 1:1 ratio between SOPA headgroups and Ca2+ ions, consistent with several 

earlier reports. For the liquid/liquid interface study of Sr2+ enrichment at the 

dodecane/surfactant/water interface, analysis using XeRay gives a surface enrichment of Sr2+ at 

𝟔𝟖1𝟓4𝟔	Å𝟐 per ion, consistent with the result published for the same dataset. This software tool has 
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enabled the study Ca2+ sequestration in the context of understanding the role of Ca2+ in 

regulating Tim3 interaction with lipid membranes (Chapter 3). 

 

6.2 Introduction of TXRF 

 

Finely layered structures are essential building blocks of both biological and artificial systems. 

Of particular interest is the distribution of chemical elements inside the layers, as it is critical in 

the functioning of any of such systems. On the one hand, biological membranes recruit a vast 

array of membrane binding proteins [1] and messenger metal ions like Ca2+ to participate in 

numerous intracellular functions and intercellular signaling events [2]. On the other hand, in 

industrial and scientific research, such fine layered structures serve as fundamental design 

patterns [3], such as thin-layered polymer films [4], silicon wafers [5], heavy metal ion 

extraction systems [6], and a wide range of surface catalysis and chemistry [7]. 

 

X-ray fluorescence is an ideal tool for studying such elemental distributions in finely layered 

structures due to its relative nondestructive and nonintrusive properties, as well as the ability of 

the x-ray beam to penetrate condensed matter from sub-nanometers to a few hundred 

micrometers in thickness [8, 9]. First described by Yoneda and Horiuchi [10], total reflection x-

ray fluorescence (TXRF) has become a commonly used method for quantitatively determining 

the distribution of metal ions and other elements across all kinds of finely layered structures. The 

versatility of TXRF is manifested in the diversity of systems probed using this technique, 

including Langmuir monolayers [11, 12, 13], biological membranes [14], membrane binding 

proteins [15, 16], liquid/liquid interfaces [17], biological tissues [18, 19], environmental samples 
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[20], archaeological artifacts [21], just to name a few. Its increase in usage in recent decades is 

due in part to the advent of TXRF-capable beamlines at a number of synchrotron sources [22, 23, 

24], which are characterized by brilliant and well-collimated x-ray sources that greatly enhance 

precision and lower detection limit. The high sensitivity of TXRF to the interfacial elements is a 

result of the interaction between the probing x-rays and electrons of the substrates that give rise 

to a refractive index slightly smaller than one, producing a critical angle for total reflection when 

x-ray enters from a less electron-rich medium into a more electron-rich medium. Below the 

critical angle, an incident x-ray beam at the interface creates a standing evanescent wave at the 

surface without significant penetration into the electron-rich material. Above the critical angle, 

the x-ray largely bypasses the interface and penetrates into the more electron rich medium. The 

easily tunable sensitivity of x-ray for the interface or the bulk medium forms the basis for using 

TXRF as a tool for detecting chemical enrichment at the interface. In addition to its high 

sensitivity to trace amounts of elements, TXRF has the added benefit of being largely non-

intrusive and non-destructive compared to electron or molecular beams. In TXRF the excitation 

energy is generally kept far away from the absorption edge of the element so that the 

fluorescence intensity is proportional to the density of the element. Conversely, scanning the 

incidence energy around the absorption edge while fixing the incidence angle produces x-ray 

absorption near edge spectra (XANES), which provide detailed information on the valence states 

of the element of interest [25]. Combining these two techniques could reveal both the quantity 

and state of the element [26]. In this work we are concerned only with TXRF. 

 

Given the unique capability of TXRF to quantify the important phenomenon of atomic element 

distribution across layered interfaces, we developed an intuitive MATLAB-based analysis 
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software package for TXRF to facilitate scientific discovery using this technique. To test our 

software package we designed an experiment intended to measure Ca2+ accumulation beneath an 

anionic SOPA monolayer in a Langmuir trough. Analysis using XeRay revealed an approximate 

1:1 stoichiometry between the anionic SOPA headgroups and the cationic Ca2+ ions. To test the 

capability of our software for a different kind of layered system, we analyzed a dataset on Sr2+ 

sequestration at the dodecane/surfactant/liquid interface from a previously published report [17] 

and confirmed that our results obtained from XeRay are consistent with the report, which 

assumed zero thickness for the Sr2+ sequestration layer in its x-ray fluorescence analysis. 

 

6.3 TXRF setup and operating protocol for investigating Langmuir monolayers at the 

air/liquid interface 

 

To demonstrate how a TXRF experiment is carried out, here we describe our air/liquid interface 

experimental setup and procedure. Similar studies can be conducted on any flat interfaces 

involving any gaseous or condensed phases. As seen in Figure 6.1, the experimental setup for 

air/liquid experiments includes three major parts: (1) a liquid surface x-ray spectrometer system 

that controls the geometry and intensity of x-rays that hit a horizontal stage, (2) a Langmuir 

trough with stirring capability and a surface pressure control system, featuring a feedback loop 

composed of a Wilhelmy plate and a motorized barrier, all enclosed in an air-tight box filled with 

helium, and (3) an energy-resolved x-ray detector mounted via an air-tight and height-adjustable 

holder overhanging the surface. The airtight helium-filled box serves to minimize oxidative 

damage to the surface, and reduces x-ray scattering by the more electron-dense nitrogen and 

oxygen in the air. 
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Figure 6.1: Schematic of the air/liquid TXRF setup. The detection side of the detector holder, 
just above the liquid surface, is sealed by a Kapton window pressed tightly onto the holder by a 
silica gel O-ring. The entire detector holder can slide vertically along another silica gel O-ring 
embedded in the box lid. The bottom part of the detector holder is a thin tube measuring 10 mm 
in diameter (slightly larger than the 8 mm opening on the detector), which effectively acts as a 
collimator to narrow down the detection area on the surface. At the top of the detector holder is a 
wider opening, in which the detector tube fits tightly in an upright orientation. The surface 
tension/pressure is monitored and controlled by a feedback loop composed of a Wilhelmy plate 
and a motorized barrier. For illustration purposes the barrier and Wilhelmy plate are drawn in the 
same plane as the beam, while they actually reside on different planes in the setup. 
 

For Langmuir monolayers, quantification of an element bound to the water/lipid interface is of 

great interest to researchers [8]. First, the scale factor, which describes the excitation efficiency 

and particular geometry of the system, is determined via a calibration process, whereby x-ray 

fluorescence data are collected from a solution without a monolayer and with a known bulk 

concentration of the desired element. Data are then collected from the experimental system of 
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interest with the insoluble monolayer present, and fitted to yield the surface concentrations. A 

detailed description of this process is discussed in the theory section, and continued in the 

software implementation section. 

 

6.4 Theory of TXRF 

 

X-rays can excite atoms from the ground state to higher electronic states to emit fluorescence 

with unique energy peaks. For example, calcium has a characteristic K· line at 3.7 keV, and K¸ 

line at 4.0 keV, and strontium has a K· line at 14.2 keV, and L· line at 1.8 keV. To obtain 

analytical closed form solutions, the interfaces are assumed to be perfectly sharp, and all layers 

are assumed to be homogeneous in composition. The interaction of x-ray with each layer is, to a 

good approximation, described by classical optics considerations. For each layer, the refractive 

index is 

𝑛 = 1 − 𝛿 + 𝑖𝛽, (1) 

where 𝛿 is the dispersion, and 𝛽 the absorption. 𝛿 and 𝛽 can be calculated additively from the 

absorption and dispersion properties of each elemental component 𝑖 in the system, with the 

dispersion 

𝛿 = ��
5%
𝑟»𝜆5

¼½
¾½
𝜌<	< , (2) 

and the absorption 

𝛽 = &
$%
𝜇<< , (3) 

where 𝑁© is Avogadro’s number, 𝑟» the classical radius of the electron, 𝜆 the wavelength of x-ray, 

𝑍< the atomic number, 𝑀< the atomic mass, 𝜌< the mass density, and 𝜇< the linear mass absorption 

coefficient. Here we use the database of the mass absorption coefficient of 92 elements from the 
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periodic table with energies ranging from 30 eV to 30 keV [27]. Typically for condensed matter 

phases 𝛿 and 𝛽 are much smaller than 1, with 𝛿 on the order of 101�, and 𝛽 on the order of 101�. 

Readers are encouraged to turn to a textbook, like [18], for a more complete treatment. 

 

To calculate fluorescence induced by x-ray, we adopted a previously developed matrix method 

[28, 29]. First we assume the system is made of N+1 (N ≥ 1) layers, the top, layer 0, being the 

infinite medium via which the x-ray arrives, and the bottom, layer N+1, being the infinite 

medium via which the x-ray leaves. The refraction angle between two adjacent layers are related 

by Snell’s law 

𝜃]46 = 𝜃]5 − 2 𝛿]46 − 𝛿] + 2𝑖(𝛽]46 − 𝛽]), (4) 

Deriving from Snell’s law and the Fresnel relations, the incidence and reflection amplitudes 

between two adjacent layers are related by 

𝐴]Z
𝐴][

=
𝑚66 𝑚65
𝑚56 𝑚55

𝐴]46Z

𝐴]46[ , 
(5) 

where the matrix elements are given by 

𝑚66 =
ÃÄ4ÃÄÅÆ
5ÃÄ

exp −𝑖 %
&
𝜃]𝑑] + 𝜃]46𝑑]46 , (6) 

𝑚65 =
ÃÄ1ÃÄÅÆ
5ÃÄ

exp −𝑖 %
&
𝜃]𝑑] − 𝜃]46𝑑]46 , (7) 

𝑚56 =
ÃÄ1ÃÄÅÆ
5ÃÄ

exp 𝑖 %
&
𝜃]𝑑] − 𝜃]46𝑑]46 , (8) 

𝑚55 =
ÃÄ4ÃÄÅÆ

5ÃÈ
exp 𝑖 %

&
𝜃]𝑑] + 𝜃]46𝑑]46 , (9) 

where 𝑑] denotes the thickness of the layer 𝑛, and 𝜆 is the wavelength of the incidence beam. 

The relation between the amplitudes of the first layer and the last is 
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1
𝐴­[

= 𝑀]
�
]É6

𝐴]<
0

, (10) 

where two boundary conditions are used: the amplitude of the incidence beam is assumed to be 1, 

and the reflection amplitude coming from the bottom layer is 0. This equation enables us to solve 

for all the other amplitudes for the layers in between. 

 

The decay of the incidence beam and the excited fluorescence is characterized by a penetration 

depth at which the intensity decays to 1/e of the original. For the incidence wave at layer 𝑛, the 

penetration depth is 

𝛬]< =
&½

$%	ËÌ	(ÃÄ)
, (11) 

where the superscript or subscript 𝑖 refers to the excitation wave. For the fluorescence wave, the 

treatment can be greatly simplified as it has an incidence angle close to 𝜋/2, far larger than the 

critical angle, thus reflection can be ignored. The penetration depth of the fluorescence beam is 

𝛬]
. = &Í

$%¸Ä
Í, (12) 

where the superscript or subscript 𝑓 refers to the fluorescence wave. 

 

Having calculated the amplitudes of the transmission and reflection wave at each layer, and the 

penetration depths, the intensity of the excited fluorescence for each layer at position 𝑧 is 

𝐼] 𝑧 = exp	(− :Ð
ÑÐ½

]16
�É­ ) ∙ 𝐴]Z exp 𝑖𝑘𝜃]𝑧 + 𝐴][ exp −𝑖𝑘𝜃]𝑧 5 ∙ exp	(− "

ÑÄ½
), (13) 

The fluorescence intensity originating from layer 𝑛 is 

𝐹] = 𝐶­𝑐] 𝐼](𝑧)
"ÄÅÆ
"Ä

exp(− "

ÑÄ
Í) 𝑑𝑧, (14) 
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where 𝐶­ is the scale factor that characterizes the geometry of the setup and the quantum 

efficiency of the excitation, 𝑐] the concentration of the excited element, and 𝑧] the position at 

which layer 𝑛 begins. The total fluorescence intensity is then calculated as a sum over all layers 

𝐹­ = 𝐹]�
]É6 . (15) 

Note that the top layer (𝑛=0) is ignored in the sum, because even if it were to contain any 

fluorescing agents, the x-ray would not be able to penetrate through this infinite layer. 

 

6.5 Data analysis in XeRay 

 

XeRay is an x-ray fluorescence analytical package with a graphical user interface (GUI) under 

the MATLAB environment. The MATLAB platform was chosen because of its popularity with 

science applications in academia and industry, cross-platform support, backward compatibility 

with earlier functions, and superb data manipulation capabilities. XeRay allows for individual 

spectral inspection of different elements, fits emission peaks to single or double Gaussian or 

Lorentzian line shapes, and fits the integrated fluorescence intensity over an incident angle range. 

If there exists a parallel pool of processors for MATLAB, which can be easily set up, 

computations in the fitting processes are efficiently parallelized into this pool of CPU cores. The 

program uses a combination of a brute force search and a trust region reflective (TRR) method 

[20] in the MATLAB lsqnonlin optimization function to search through the parameter space to 

obtain the fits and 𝜒5 values, defined as 

𝜒5 = Ó½1Ó½ 2

ÔÓ½< , (16) 

where 𝑦< is the fitted fluorescence signal, 𝑦< is the signal, and 𝛿𝑦< is the error of the signal. 
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XeRay uses the chemical formula for each layer to calculate the refractive index. If a chemical 

formula is not provided, the absorption term is assumed to be 0, and the dispersion term is 

approximated by 

𝛿 = &2[Õ
5%

𝜌», (17) 

where 𝜌» is the electron density. So using a chemical formula that matches the composition of a 

layer would improve the accuracy of fitting results. 

 

The parameter space determining a fluorescence intensity vs. angle curve is composed of N+2 

parameters for a system made of N (N ≥ 2) layers. XeRay assumes that the thickness of each 

layer is given; thickness information could come from hypotheses, design specifications, and 

physical measurements such as those from x-ray reflectivity and electron microscopy. The first 

three parameters are the aforementioned scale factor, a background noise, and an angle offset 

value. The purpose of fitting the angle offset is to account for the systematic error from the motor 

system moving to the desired angles. The background comes from the presence of the element of 

interest in places not considered by the modeled system, such as in the absorbers used to 

attenuate the beam, and in the x-ray collimator used before the detector. The background is 

assumed constant, because in our measurements the background is usually scattered around some 

mean value within the small energy window where the peak occurs, whether experimental or 

control experiments are being conducted. The background can either be fitted, or be fixed to the 

average fluorescence intensity from a control sample without the element of interest across the 

same range of angles, which is similar to the blank subtraction method used in this iron x-ray 

fluorescence study [26]. The remaining N-1 parameters are the concentrations of the element of 

interest in each layer excluding the top one. The concentrations should conform to the unit of the 
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user’s choice, which could be in number or moles per unit volume, or any other forms. To 

narrow the search space for fitting, as much physical intuition about the system as possible 

should be used. For example, if a given layer is devoid of the element of interest, the 

concentration of that element should be set to 0. 

 

The geometry of the system is accounted for with two important inputs: the detection length of 

the detector, and the slit size of the beam. The software assumes the beam to be centered around 

the detection length, which would maximize the signal in a real experimental setup. Depending 

on the relative magnitude of the detection length and the slit size of the incidence beam, the 

entire detection area could be fully or partially utilized, as illustrated in Figure 6.2. These two 

scenarios are also accounted for in the calculations as follows. 

 

 

Figure 6.2: Two integration scenarios of the x-ray fluorescence signal. Left: The incidence 
beam footprint is larger than the detection length. Right: The incidence beam footprint is smaller 
than the detection length. The beam width is 𝑠, angle of incidence is 𝛼, and the detection length 
is 𝑙. The x-axis is assumed to be horizontal from left to right, z-axis perpendicular to the interface 
going vertically from up to down, and y-axis is out of plane, perpendicular to the x-z plane 
shown. Additionally, a z’-axis is assumed to follow the propagation direction of the transmitted 
beam. The yellow regions indicate the region from which fluorescence signal can be detected. 
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When the footprint 𝑠/sin	 𝛼 is smaller than the detection length 𝑙 (Scenario 2 of Figure 2): 

𝐼Ø 
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XeRay uses a “likelihood” approach to estimate errors of the fitting parameters, instead of the 

reduced 𝜒5 to estimate fitting uncertainties [30]. The likelihood of a set of parameter values 

being real is equivalent to the Bayesian probability of the fitting curve they produce given the 

observed data. This likelihood is closely linked to 𝜒5, wherein increasing 𝜒5 values are 

associated with diminishing likelihoods. In fact, the likelihood of a fit being the true fit is 

proportional to exp	(−𝜒5/2) under two key assumptions: (1) the model is appropriate, and (2) 

the fitting error behaves as a normal distribution. Both assumptions are proper in our context of 

gathering data by counting photons, and fitting data to properly derived equations. Thus 
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𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 ∝ exp	(−𝜒5/2). (18) 

 

The program generally runs three fitting procedures for a given set of parameters. The first 

procedure runs an optimization over all parameters being fitted using the TRR method, which is 

a computationally inexpensive optimization algorithm. Intelligent starting values greatly increase 

the odds of TRR finding the true global minimum, though this is not always a guaranteed 

outcome. In order to obtain error estimates of fitted parameters, the program in the second 

procedure uses a brute force approach to fit each parameter systematically. Specifically, the 

program steps through a grid of one parameter while optimizing the others by TRR to find the 

minimized 𝜒5 value for each step. Then the program calculates the normalized likelihood values 

over the grid. Under most circumstances, a plot of the likelihoods over the grid produces a bell 

curve that is easily fit to a Gaussian function to yield the mean and estimated standard deviation 

of the fitted parameter. This second procedure is repeated for every parameter. Assuming all the 

likelihoods behave in this Gaussian fashion, one standard deviation of a parameter would 

represent a 0.6826] error window, where 𝑛 is the number of parameters being fitted. Therefore, 

standard deviations would need to be adjusted to reflect a true 0.6826 error window. Aside from 

the variance of a single parameter, we might be interested in looking at the correlation of two 

parameters in order to identify highly correlated scenarios. In the third procedure, the program 

steps through a grid of each pair of two parameters and optimizes the 𝜒5 via TRR, calculates the 

joint likelihoods over the grid, and enables the user to visualize the 𝜒5 or likelihood distribution 

of each pair.  
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In a typical fitting process, the user first builds up the layered system with the GUI and enters the 

starting values for the parameters while visualizing the calculated curve with the experimental 

data. Then the user tries to pick a number of parameters for XeRay to fit while holding the other 

parameters constant, plots the likelihood curve, and refines the fitting parameters and ranges for 

further rounds of fitting. 

 

The XeRay package is published as a public depository on github.com. Users can obtain the most 

up-to-date package at https://github.com/ZhiliangGong/xeray, and add the package including all 

the subfolders to the MATLAB search path to enable it. Note that at the time of writing, the 

software runs on MATLAB 2015a or later versions. There are two versions of the software, both 

contained in the package. The first version is fired up with command ‘XeRayGUI’ and analyzes 

datasets with spectra, giving the user the ability to visualize, compare, and integrate peaks in the 

software. The second version is fired up with command ‘XeRayGUI(2)’, and is for datasets with 

integrated intensity. 

 

  6.6 Case Study 1 - Ca2+ accumulation at an SOPA monolayer 

 

Enter ‘XeRayGUI’ at the MATLAB command line to launch the version for the dataset with 

spectra and resize the GUI for proper display. The GUI contains three panels: the left for listing 

data sets, the middle with two plot regions, and the right with inputs, outputs, and other 

manipulation tools. This version of the software takes in spectral data files of a standardized text 

format with extension ‘xfluo’, which specifies the incidence angle range, energy in keV, and x-

ray fluorescence intensity and error for each corresponding angle. Two examples of ‘xfluo’ files 
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can be found in the ‘example’ folder. If manually formatting data files becomes too tedious, the 

user might consider writing a script to automate the formatting process, as was proven necessary 

for the authors working at the ChemMatCARS facility. 

 

As a demo, we will utilize TXRF data collected from two CaCl2 systems. The first one 

‘bulk.xfluo’ is from an aqueous solution of 50 mM CaCl2 with 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), pH 7.5; the second one ‘surf.xfluo’ is from an aqueous 

solution of 1 mM CaCl2 with 10 mM HEPES, pH 7.5 with an SOPA monolayer at 30 mN/m. 

Click ‘load’ to load both data files from the ‘example’ folder. After loading, the first spectrum 

from the ‘bulk’ data set appears. The program might take a significantly longer time to load for 

its first launch in a MATLAB environment. The user can now carry out some data visualization 

manipulations, such as comparing the spectra of multiple scans at multiple angles, zooming in 

for a specific element by selecting the one from the drop-down menu, fitting the peak of that 

element with Gaussian or Lorentzian line shapes, subtracting a linear background from the fitted 

peaks, etc. If the displayed energy range for an element needs to be changed, or an element of 

interest is not listed, it can be added by clicking the ‘Add or Modify’ option in the element drop-

down menu. 

 

For this demo, choose Ca from the element drop-down list, check ‘Start Fitting’, and then select 

all of the listed angles. Now plotted at the lower figure is the integrated fluorescence intensities 

and the fits for all angles; the fits can look slightly different depending on the selected Gaussian 

or Lorentzian lineshape. Now the GUI should look like Figure 6.3. Since there are two Gaussian 
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peaks, each with a different energy and thus a different penetration depth in solution, the 

program chooses the peak with the higher intensity for subsequent data fitting. 

 

Figure 6.3: Fluorescence spectra and integrated signal from the bulk.xfluo data file. Scale 
the GUI window to show all graphical elements in the GUI properly. Input and check the 
following parameters: beam energy in keV, the slit size for the incidence beam in mm, the 
detection length of the detector in mm. Build the layer structure by use of the ‘Layer Structure’ 
table, in which a chemical formula describes the overall composition of a layer, and the electron 
density of the layers as calculated by the user, or obtained otherwise. Note that the chemical 
formula should only contain element abbreviations and stoichiometry numbers, where the first 
letter of an element abbreviation is in uppercase and the following letter, if applicable, in 
lowercase. Any element without an associated stoichiometry number is implied to be one. No 
spaces and other special symbols are allowed in the formula. Only the relative ratio of the atoms 
matter, so CH2 is equivalent to C2H4. For example, a solution of 1 M CaCl2 can be represented as 
H2OCa0.018Cl0.036. Note that the bulk concentration is fixed at 50 mM, surface concentration 
at 0 nm-2, and background at 0 a.u. for this ‘bulk’ data set. The two varying parameters are angle 
offset and scale factor. 
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A few fields describing the experimental system need to be filled in, as discussed in the caption 

for Figure 6.3. The electron density of each layer can be obtained either by calculation given the 

composition and density of the layer, or by other means, such as x-ray reflectivity studies. Below 

the parameter inputs is a table containing the fitting parameters. The angle offset parameter 

accounts for the small instrumental misalignment. As previously mentioned, the concentration in 

the top layer should be 0. Here the user can specify the lower bound, upper bound, and starting 

value for each parameter that the program fits. The ‘Min’ and ‘Max’ columns correspond to the 

lower and upper bounds. A parameter can be held constant throughout the fitting by checking 

‘Fix’. 

 

The user can click ‘Load Para’ to load ‘bulk.xfluopara’ to first analyze the bulk fluorescence 

signal. Inputs and data in the table can be manually edited, or can be loaded by clicking the 

‘Load Para’ button, which loads a specially formatted text file with extension ‘xfluopara’. The 

user can click ‘Save Para’ to save the current inputs and table data in this format, or manually 

create ‘xfluopara’ files based on the existing format. The purpose here is to fit the scale factor 

𝐶­. 

 

After loading the parameters, the user can check the ‘Show Calc.’ box above the lower figure to 

show the calculated intensity for the given parameters, and perform a fitting procedure by 

clicking ‘Fit’. If a parallel pool is set up in MATLAB, an indicator should light up, and the 

fitting would proceed in a parallelized fashion.  

 



	 106	

After the fitting procedure is completed, the fit is plotted on top of the data in the lower figure, 

and the fitting results are logged in the output box with a time stamp. Now the user can choose to 

visualize the fitting quality based on likelihood, 𝜒5, and their joint distributions between two 

parameters. To do so, one simply checks the ‘Plot’ option in the table for the fitted parameters. 

The user can also change the reported confidence window, save the text from the output window, 

save the lower figure and upper figure, save the data the GUI is using, or save the data and fit as 

a text file. The user can try checking ‘Plot’ for angle offset, and the GUI should look something 

like Figure 6.4. 

 

 

Figure 6.4. Fitted bulk.xfluo data set, and visualization of the likelihood distribution of the 
angle offset. Fitting results are logged in the output box. Note that TRR in the output box means 
fitting is performed using the trust region reflective method, and ‘Adjusted Std’ would represent 
a real 0.6826 error window for each parameter based on a brute force search. The purpose of 
fitting the ‘bulk’ data is to obtain a scale factor, 𝐶­, which is found to be 88.0 ± 0.27, a very 
tight error window. The upper plot shows the likelihood distribution of the scale factor and its 
Gaussian fit. 
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The user should carefully inspect the likelihood and 𝜒5 distributions of the fitting parameters to 

ensure that all of them are nicely centered Gaussian or Gaussian-like distributions. Figure 6.5 

shows an improper range for the scale factor. A typical fitting process would require multiple 

trials toward an eventual narrowing down of the errors to a tight range for each fitting parameter. 

 

 

Figure 6.5. Example of improperly set fitting range. An example of improperly set fitting 
range evident from both the fact that the likelihood distribution of this parameter is not a bell 
curve, and that the fit is significantly lower than the data in the lower figure. Here the upper 
bound of the scale factor is too small, and needs to be increased. 
 

After fitting the data of the 50 mM CaCl2 bulk signal, we have obtained the scale factor of 

88.0 ± 0.27, and can now proceed to fit the surface data. The user can uncheck ‘Start Fitting’, 

select ‘surf.xfluo’ in the file panel, select the whole angle range, check ‘Start Fitting’, load the 
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‘surf.xfluopara’ for the surface data, and click ‘Fit’. Refer to Figure 6.6 for the fitting parameters 

used. Fitting this data set would give a surface Ca2+ concentration of 4.93 ± 0.14	M, which for 

the layer thickness of 8 nm as measured from x-ray reflectivity, corresponds to 2.38 ±

0.06	ions/nm5. The surface concentration of SOPA is 2.45 ± 0.03	molecules/nm5, according 

to the surface pressure vs. area per molecule isotherm of SOPA at the experimental temperature 

of 23	℃ (Figure 6.7) on a buffer with 10 mM HEPES and 1 mM Ca2+, pH 7.5. Therefore, the 

stoichiometry between SOPA headgroups and Ca2+ on the surface is close to 1:1. In fact, two 

earlier studies also revealed a 1:1 stoichiometry between Ca2+ and 1,2-dimyristoyl-sn-glycero-3-

phosphate (DMPA) [31], and 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) [32] respectively. It 

is worth noting that metal ions heavier than calcium generally have much higher excitation 

efficiency and thus produce much more accurate measurements. 

 

6.7 Case Study 2 – using XeRay to analyze x-ray fluorescence data at the 

dodecane/surfactant/water interface 

 

In addition to testing the software from an air/liquid interface data set, we further checked the 

capability of XeRay to analyze total reflection fluorescence from the liquid/liquid interface. Here 

we used an x-ray fluorescence dataset on Sr2+, a model heavy metal ion, from a 

dodecane/surfactant/water system as reported by Bu et al. [33]. Here the top liquid phase is the 

organic solvent dodecane, and the bottom liquid phase is an aqueous solution of Sr2+ at pH 5.7. 

The calibration sample data are collected from a dodecane/aqueous solution sample with 50 mM 

Sr2+ in the aqueous phase, and no surfactants, and thus no interfacial enrichment of Sr2+. The 

interface sample data are collected from a dodecane/surfactant/water system, where the 
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surfactant is di-hexadecyl phosphate (DHP), and the aqueous solution contains 0.01mM Sr2+. 

The ‘examples’ folder contains the two data files as ‘sr-calibration’, and ‘re-interface’, 

respectively. It is worth noting that in liquid/liquid interface studies, x-ray comes from the side 

of the top phase before entering the system, rather than from the top, incurring little scattering 

upon entering the system. As a result, it is proper to assume the top organic phase to be infinite 

in thickness. 

 

 

Figure 6.6. Fitting results for 1 mM CaCl2 with a SOPA film yield a concentration of 
𝟒. 𝟗𝟑 ± 𝟎. 𝟏𝟒	𝐌, corresponding to a surface concentration of 𝟐. 𝟑𝟖 ± 𝟎. 𝟎𝟔	𝐢𝐨𝐧𝐬/𝐧𝐦𝟐. The 
fitted results indicate a 1:1 stoichiometry between SOPA headgroups and Ca2+ ions. Note 
changes in the ‘Fix’ column of the table, where the scale factor is now fixed to be 88. Here a 
constant negative background needs to be added to the signal from the insoluble Langmuir 
monolayer system, likely because the sensitive surface combined with our assumption of a 
perfectly coherent incidence beam leads to an overestimation of the signal. 
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Figure 6.7: SOPA isotherms at 23 °C with subphase 10 mM HEPES and 1 mM Ca2+, pH 
7.5. Three repeats of the isotherm yielded area per molecule at 30 mN/m to be 40.73, 40.56, and 
41.00 Å2, respectively. 
 

Here the fluorescence spectra are already integrated to give the total fluorescence signal, in 

which case we boot up XeRay by typing ‘XeRayGUI(2)’ in the MATLAB console. Except for 

the fact that there are no spectra visualization components in this new user interface (see Figure 

6.8 and Figure 6.9), the analysis procedure closely resembles that of the air/liquid case. 

 

A scale factor of 2.49 ± 0.01 is first obtained from analyzing the calibration sample, which is 

then applied to fitting the surface enrichment of Sr2+ at the headgroup layer of the interface 

sample. The layer structure of the interface sample is built according to the result of fitting x-ray 

reflectivity data [33]. Specifically, there are five layers in total, the top infinite layer of dodecane, 

a small disordered layer attributed to the end methyl group of the surfactant, the hydrophobic 

tailgroup layer of the surfactant, the hydrophilic headgroup layer of the surfactant, and the 
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bottom infinite layer of water. Sr2+ ions would predominantly accumulate at the headgroup layer, 

and the fitting results indicate as much as 5.3 ± 0.2	M Sr2+ is present in the headgroup layer, 

more than 5 orders of magnitude than its bulk concentration. This layer concentration translates 

to an area of 681�4�	Å5 (95% confidence) per Sr2+ ion, overlapping with the result from the 

previously reported range of 8616�45­Å5 (95% confidence). One possible contribution to the 

discrepancy between the mean values of the two results is the possible curvature of the 

liquid/liquid interface accounted for by the earlier report [33], but not considered in XeRay. 

 

 

Figure 6.8. Fitting x-ray fluorescence from the dodecane/water calibration sample yields a 
scale factor of 𝟐. 𝟒𝟗 ± 𝟎. 𝟎𝟏. Here the thickness of dodecane is about 1.1 mm. Since the 
incidence wave enters the dodecane phase from the side, it would scatter minimally when 
entering the system, and would have traveled a significant length before reaching the interface, 
so the top phase is assumed to be infinite in thickness. Note that ‘CH2’ was used to represent the 
chemical formula of dodecane, which is to suggest that slight deviations of the stoichiometry 
ratios in a chemical formula are not critical. 
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Figure 6.9. Fitting Sr2+ fluorescence from a system of dodecane/surfactant/water. With only 
0.01 mM Sr2+ in the bulk of the aqueous phase, the signal coming from the aqueous phase is 
comparably small so that the signal coming from the interface dominates. The fitted surface 
concentration of 5.3 ± 0.2	M represents more than 5 orders of magnitude enrichment of Sr2+ by 
the presence of the surfactant at the interface. 
 

6.8 Conclusion 

 

Using XeRay we have been able to accurately analyze TXRF data from two distinct model 

systems: Ca2+ accumulation at the air/liquid interface, and Sr2+ extraction at the liquid/liquid 

interface. With the air/liquid dataset, we established a 1:1 stoichiometry between SOPA 

headgroups and Ca2+ ions at the air/water interface. In the liquid/liquid dataset, we have been 

able to reproduce the fitting result of Sr2+ enrichment at the dodecane/surfactant/water interface 
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from a published report [17]. We reasonably believe that XeRay could be readily used in studies 

involving solids or any other phases.  
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CHAPTER 7 

CONCLUSIONS 

 

This thesis presented a study of the interaction between PS and four proteins, namely Tim1, 

Tim3, Tim4, and MFG-E8, with a focus on Tim3 and MFG-E8. Using molecular dynamics 

simulations and x-ray reflectivity methods, molecular interaction models of Tim3 and MFG-E8 

with PS-containing membranes are first proposed. Due to major rearrangements in protein 

conformation upon contacting the membrane, the crystal structure (Tim3), or the solution NMR 

structure (MFG-E8) could not fit the x-ray data obtained when the proteins are bound to the lipid 

membrane, but provided a starting point for MD simulations to obtain a lipid-equilibrated protein 

structure. The tandem use of computational and experimental methods proved necessary and 

successful in resolving the membrane bound states of Tim3 and MFG-E8, a clear demonstration 

of the value of combining MD simulations with molecular resolution synchrotron x-ray 

measurements. 

 

Informed by the molecular interaction picture, the physicochemical parameter space for these 

four proteins were explored. In this exploration, a framework of decomposable lipid-protein 

interaction components, such as chemical coordination, electrostatic and hydrophobic forces, and 

mechanical work, was developed. Guided by this framework of interaction components, new 

interaction modulators in addition to PS were discovered, shedding light on the mechanisms of 

the functioning of these proteins. Of particular significance is the remarkable sensitivity of Tim3 

to phosphatidic acid (PA) and membrane packing density. This framework of interaction 
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components between protein and lipid could be generally applicable to not only PS-binding 

proteins, but also to all other membrane binding proteins. 

 

Figure 7.1: Connection between experimental parameter space and interaction components 

space. 

 

By varying the key physical and chemical parameters, it became clear that these four proteins all 

share common electrostatic, hydrophobic, and mechanical interactions with the lipid membrane, 

in addition to their PS-specific binding sites. The four modes of interaction – PS-specific, 

electrostatic, hydrophobic, and mechanical – while conceptually independent, are nevertheless 

intertwined, and could be linked with experimental parameters designed to probe them, as 

illustrated in Figure 7.1. The spatial arrangement of the interaction motifs on the protein dictates 

the concurrence of these four types of interaction whenever the binding event occurs. The 

interplay of these four modes of interaction gives the four PS-binding proteins a large parameter 

space to differentiate among their PS-binding peers even though all four only have a single PS 

binding site, and thus might explain the diversity of their roles in physiological pathways. 
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Biological membranes are incredibly complex systems with hundreds of lipid species and 

thousands of protein species. This thesis has focused on a small portion of the physicochemical 

parameter space, and yet some findings genuinely surprised the author. In the march for deeper 

understanding the interactions involving membranes and proteins, the author advocates the 

structure-informed approach adopted in these studies, and the framework of interaction 

components developed in this thesis.  


