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Chapter 1 

General Introduction 
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1.1 Biological Membranes and Membrane Proteins 

Biological membranes act as critical boundaries that separate cells and 

organelles from their external environments. They are composed fundamentally of lipid 

bilayers and their associated membrane proteins (MPs), which limit the free diffusion of 

substances across the membrane. However, the inner space enclosed by biological 

membranes is not completely isolated; MPs facilitate the functional and selective 

transport of substances across membranes and signal transduction. In mammals, 

approximately 30% of all proteins are MPs,1 which localize to the appropriate membranes, 

such as plasma membranes and intracellular membranes, to perform various cellular 

functions. For example, the sodium-potassium pump, localized in the plasma membrane, 

actively transports sodium and potassium ions across the cell membrane to maintain the 

membrane potential of cells (Figure 1.1a).2 Additionally, the adrenergic receptor, a G 

protein-coupled receptor, undergoes a structural change upon binding extracellular 

adrenaline, activating G proteins and transmitting signals into the cell (Figure 1.1b).3 

Thus, biological membranes not only separate the interior of the cell from the outside but 

also serve as platforms on which various membrane proteins function to maintain vital 

activities. 
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Figure 1.1. (a) An illustration of sodium-potassium pump inserted in plasma membranes. Ionic 

transport is accomplished by ATP hydrolysis to maintain the concentration gradients of ions inside 

and outside the cell. This figure is cited from ref 2. (b) Signaling pathway through the adrenergic 

receptor. The binding of extracellular agonists, including adrenaline, to the receptor induces 

structural changes, leading to signal transduction mediated by G-proteins. This figure is cited 

from ref 3 with permission from SNCSC. 

 

 

1.2 Membrane structure and lipid diversity 

The structure of biological membranes is described by the fluid mosaic model, 

proposed by Singer and Nicholson in 1972 (Figure 1.2).4 In this model, lipid molecules 

form lipid bilayers, which are described as a two-dimensional fluid. Membrane proteins 

are embedded in and diffuse freely within lipid bilayers. Thus, lipids have been thought 

to be the medium in which membrane proteins float. On the other hand, the lipids that 

constitute lipid bilayers have diverse structures. The lipid database, Lipid Maps,5, 6 is 

divided into eight categories (Fatty acyls, Glycerolipids, Glycerophospholipids, 

Sphingolipids, Sterol lipids, Prenol lipids, Saccharolipids, and Polyketides), each of 

which has its own subcategory. It is estimated that more than 40,000 lipid species, 

including predicted structures, exist in the biological world. However, such lipid diversity 

would not be necessary, if the lipid bilayer is merely a medium in which membrane 

proteins float, as was assumed in the classical fluid mosaic model. This lipid diversity is 

one of the important challenges in life sciences. 

a b
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As research into biological membranes has progressed, the fluid mosaic model 

has been revised. Recent findings showed that lipids were not uniformly mixed within 

biological membranes but are distributed heterogeneously. Biological membranes contain 

microdomains called lipid rafts (Figure 1.3).7, 8 Lipid rafts are defined as heterogeneous 

and highly dynamic membrane domains rich in sterols and sphingolipids, with diameters 

ranging from 10–200 nm.9 It has been reported that GPI-anchored proteins,10, 11 and 

several receptors12, 13 and channels,14, 15 localize to lipid rafts. Lipid rafts function as 

platforms for signal transduction by facilitating the localization and association of these 

proteins.16 Interestingly, the interior of lipid rafts is not uniform, suggesting the presence 

of nano-subdomains,17 which may determine the properties of lipid rafts. In addition to 

this lateral asymmetry, biological membranes also exhibit vertical asymmetry. The 

distribution of lipids differs between the inner and outer leaflets of the cell membrane,18-

21 with sphingomyelin (SM) and phosphatidylcholine (PC) being more abundant in the 

outer leaflet, and phosphatidylethanolamine (PE), phosphatidylserine (PS), and 

phosphatidylinositol (PI) in the inner leaflet. In apoptotic cells, PS that should be localized 

in the inner leaflet is exposed on the cell surface, and macrophages recognize the outer 

PS, resulting in phagocytosis.22, 23 In this way, diverse membrane lipids contribute to the 

nanoscale heterogeneous structure of biological membranes and play crucial roles in the 

complex regulation of various cellular functions. 
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Figure 1.2. Biological membrane described as fluid mosaic model. This figure is cited from ref 4 

with permission conveyed through Copyright Clearance Center, Inc. 

 

 

Figure 1.3. Schematic diagram of the raft structure in a biological membrane. This figure is cited 

from ref 17 with permission conveyed through Copyright Clearance Center, Inc. 
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1.3 Lipid-MP Interaction 

Numerous proteins are expressed within a cell and are involved in various 

physiological functions. To sustain cellular activities, specific MPs must function at 

specific times and specific locations. This intricate regulation of MP functions in the cell 

can be explained by “lipid-MP interactions.” Namely, specific membrane lipids interact 

with certain MPs, regulating their function and structure. This would require the 

heterogeneity and diversity of lipids. Supporting this hypothesis, many specific lipid-MP 

interactions have been identified in recent years.24-27 For instance, it was shown that 

sphingomyelin (SM) contributes to the dimerization and activation of p24, an MP present 

in COPI vesicles involved in Golgi transport (Figure 1.4a),28 and that cholesterol (Chol) 

activates a bitter taste receptor (Figure 1.4b).29 Therefore, lipid-MP interactions are 

essential for understanding the regulation of cellular life functions. 

 
Figure 1.4. (a) SM–p24 interaction. The interacting lipid and residues of p24 are highlighted. 

Blue and light blue, transmembrane domain of p24; red, sphingomyelin-binding pocket; yellow, 

SM 18:0 head group; green, SM 18:0 backbone and N-acylated fatty acid. This figure is cited 

from ref 28 with permission from SNCSC. (b) The interaction between type 2 taste receptors 

(TAS2R, green) and cholesterol (yellow). This figure is cited from ref 29 with permission from 

SNCSC. 

  

a b
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1.4 Analysis of Lipid-MP Interaction 

The detailed investigation on the allosteric action of lipids towards MPs requires 

“lipid-MP interaction analysis,” but methods for this are limited. For example, complex 

structures of MPs and lipids have been reported by X-ray crystallography24, 25, 30 and 

recent single-particle analysis using cryo-EM.26, 31, 32 Such structural analysis clearly 

demonstrated the binding sites and interaction modes of lipids, as exemplified in Figure 

1.4b, and triggered the recognition of the importance of the interactions between lipids 

and MPs. However, the throughput for those complex structure analyses is not high, and 

lipids are not always observed in the structure due to their disorders. On the other hand, 

a technique called native MS, which ionizes proteins without denaturing them, has 

enabled measurements of mass spectrometry of lipid-MP complexes.33-36 However, 

application of this method requires the highest level of mass spectrometry equipment and 

optimization of surfactants and ionization conditions. 

These methods aim to identify “MP-binding lipids”; however, methods for 

identifying “lipid-binding MPs” are further scarce and limited. A conventional method 

for the identification of lipid-binding MPs is liposome coprecipitation (Figure 1.5a).37-40 

This method has revealed, for example, that coronin1A, a critical regulator of branched 

actin network, binds to phosphatidylinositol 4,5-bisphosphate.41 However, this method is 

incompatible with the presence of surfactants, rendering it unsuitable for screening 

detergent-solubilized MPs. Several chemical biology-based methods have also been 

reported for detecting lipid-specific MPs using photoaffinity-labeled lipids (Figure 

1.5b)42, 43 but their application is still limited due to problems such as intracellular 

metabolism of photoaffinity-labeled lipids and/or competition with native lipids existing 

in large amounts in the cell. 
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So far, the methods described above have been applied to a limited number of 

lipids and MPs by a limited number of research groups because of their low versatility 

and throughput. The lack of practical methodologies is a major reason for the slow 

progress in this research field. To overcome this situation, a systematic method with high 

throughput, comprehensiveness, and ease of use is required. 

 

Figure 1.5. (a) Liposome coprecipitation.37-40 Liposomes are incubated with a protein mixture, 

and the binding proteins are then centrifuged together with the liposomes. (b) Photoaffinity 

labeling method.42, 43 Photoaffinity-labeled lipids are introduced into the cells. After UV 

irradiation, diazirines form reactive carbene species, which covalently capture nearby proteins. 

The captured proteins are collected using a click-chemistry method with the alkyne group 

contained in the probe. 

 

 

1.5 Purpose and Contents of this Study 

Diverse lipids regulate the function of MPs through interactions with them. 

Assuming that lipids and MPs have co-evolved, such allosteric regulations of lipids on 

MPs are considered reasonable and universal. To investigate this regulation in detail, 

lipid-MP interaction analysis is required, but methods for this are limited, especially in 

the analysis of lipid-binding MPs. To solve this issue, the author developed a 

comprehensive and systematic approach for identification of lipid-binding MPs with 

high-density lipid-immobilized beads. In this study, lipid molecules were covalently 
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immobilized onto beads at high density, enabling the beads to mimic lipid membranes, 

even under surfactant conditions typically required to solubilize MPs. By achieving a 

high-throughput and comprehensive lipid-MP interaction analysis method, it may be 

possible to reveal lipid-mediated regulation of MPs and, ultimately, the significance of 

lipid diversity. 

Chapter 2 describes the development of high-density lipid-immobilized beads 

for identification of lipid-binding MPs (Figure 1.6). SM and ceramide (Cer) were 

immobilized to demonstrate the utility of the beads. After confirming the ability to obtain 

known lipid-binding proteins, a screening for lipid-binding proteins was performed using 

lysates from mouse neuroblastoma cells. 

 

 

Figure 1.6. Screening of lipid-specific binding proteins with lipid-immobilized beads. 

 

In Chapter 3, the author conducted more comprehensive identification of lipid-

binding MPs with combination of in-depth proteomics and extended lipid-immobilized 

beads (Figure 1.7). To achieve a more comprehensive analysis of lipid-binding proteins, 

this bead-based method was improved from two aspects. First, the mixture of the obtained 
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lipid-binding proteins was directly digested into peptides and detected using a nano-LC-

MS/MS system without SDS-PAGE separation. Second, dihydrosphingomyelin (DHSM), 

dihydroceramide (DHCer), phosphatidylcholine (PC), and cholesterol (Chol) were 

additionally immobilized to extend the variety of lipid-immobilized beads. 

 

 

Figure 1.7. Comprehensive and systematic identification of lipid-specific binding proteins 

achieved by methodological improvements. 

 

In Chapters 4 and 5, the author tried to extend this approach by the subsequent 

interaction analysis and functional analysis. In Chapter 4, by using yeast cells, which 

facilitate genetic and biochemical approaches, investigation on the physiological roles of 

the identified lipid-protein interactions would be much easier. Yeast-derived ceramide 

species were immobilized on beads, and a screening for binding proteins was 

demonstrated. Vacuolar-type ATPase was identified as one of the candidates, and 

interaction analysis using fluorescently labeled lipids and proteins was then carried out. 

In Chapter 5, a quantitative lipid-MP interaction analysis was conducted using the 
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surface plasmon resonance (SPR) system. The previously reported self-assembled 

monolayer (SAM)-modified SPR sensor chip method44 was combined with single-cycle 

kinetics (SCK) analysis, enabling improved quantitative analysis of lipid-MP interactions. 

The author demonstrated the interaction between lipids and KcsA potassium channels,45 

which is from the soil bacteria Streptomyces lividans and has been studied extensively in 

ion channel research.46, 47 As a result, the author identified strong binding of cardiolipin 

(CL) to the KcsA channel and As a result, the author identified strong binding of 

cardiolipin (CL) to the KcsA channel and demonstrated the utility of this method for the 

quantitative analysis of lipid-MP interactions. 

In Chapter 6, the author concludes this thesis and discusses future perspectives 

on lipid-MP interactions and their analysis. 
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Abstract 

 In biological membranes, lipids often interact with membrane proteins (MPs), 

regulating the localization and activity of MPs in cells. Although elucidating lipid–MP 

interactions is critical to comprehend the physiological roles of lipids, a systematic and 

comprehensive identification of lipid-binding proteins has not been adequately 

established. Therefore, the author reported the development of lipid-immobilized beads 

where lipid molecules were covalently immobilized. Owing to the detergent tolerance, 

these beads enable screening of water-soluble proteins and MPs, the latter of which 

typically necessitate surfactants for solubilization. Herein, two sphingolipid species—

ceramide and sphingomyelin—which are major constituents of lipid rafts, were 

immobilized on the beads. The author first showed that the density of immobilized lipid 

molecules on the beads was as high as that of biological lipid membranes. Subsequently, 

the author confirmed that these beads enabled the selective pulldown of known 

sphingomyelin- or ceramide-binding proteins (lysenin, p24, and CERT) from protein 

mixtures, including cell lysates. In contrast, commercial sphingomyelin beads, on which 

lipid molecules are sparsely immobilized through biotin–streptavidin linkage, failed to 

capture lysenin, a well-known protein that recognizes clustered sphingomyelin molecules. 

This clearly demonstrates the applicability of these beads for obtaining proteins that 

recognize not only a single lipid molecule but also lipid clusters or lipid membranes. 

Finally, the author demonstrated the screening of lipid-binding proteins from Neuro2a 

cell lysates using these beads. This method is expected to significantly contribute to the 

understanding of interactions between lipids and proteins and to unravel the biological 

significance of lipid diversity. 
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2.1 Introduction 

 In biological membranes, lipids often interact with MPs, regulating the 

localization and activity of MPs in cells.1-5 Therefore, elucidation of lipid–MP 

interactions is critical to understanding the physiological roles of lipids. However, due to 

the lack of analytical methods, the understanding remains insufficient. Therefore, 

methods for analyzing lipid-protein interactions are required. 

 As mentioned in Chapter 1, X-ray crystallography, cryo-EM, and native MS are 

powerful techniques for identifying lipid-MP interactions, but they require complex 

sample preparation and expensive analytical equipment, making comprehensive and 

high-throughput analysis challenging. Additionally, while these methods can identify 

"MP-binding lipids," they are not suitable for identifying "lipid-binding proteins." 

Conventionally, liposome coprecipitation6-9 and photoaffinity labeling techniques10, 11 

have been adapted to identify lipid-binding proteins. However, the former cannot be 

applied in the presence of surfactants, and the latter is limited due to the intracellular 

metabolism of photoaffinity-labeled lipids, which restricts their applications for 

comprehensive analysis. 

 Besides, affinity beads are used to identify target proteins of small molecules, 

including pharmaceuticals.12-16 This method is highly valuable for identifying binding 

proteins because it can be applied to various immobilized ligands and protein sources. 

This method has been applied to identifying binding proteins of bioactive lipids, including 

ceramide17, 18 and PI(4,5)P2.
19, 20 In those studies, conventional immobilization methods 

used for small molecules, where ligands are immobilized sparsely on the bead surface, 

have been employed for lipid immobilization. In fact, commercially available lipid-coated 

beads21 are prepared based on the biotin–streptavidin binding, and thus, the density of 
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immobilized lipids is relatively low (Figure 2.1a). This would be suitable for identifying 

proteins that recognize a single lipid molecule, but identifying proteins that bind to or are 

embedded in lipid membranes through lipid-MP interactions is challenging. 

 In this chapter, to mimic lipid membranes on the bead surface, the author 

developed lipid-immobilized affinity beads, on which lipid molecules were densely 

immobilized (Figure 2.1b). The lipid-immobilized beads were designed so that the acyl 

chains of the lipid molecules are covalently bound to the bead surface and the hydrophilic 

head of the lipid is exposed to the outside. To achieve this, lipid derivatives featuring 

aminated acyl chain termini were synthesized and immobilized on magnetic nanobeads 

with high capacity for ligand immobilization. The covalent immobilization of lipid 

molecules enables screening of not only water-soluble proteins, but also MPs, which 

typically necessitate the use of surfactants for solubilization. The prepared beads were 

used to capture lipid-binding proteins from cell lysates and identified several lipid-

specific protein candidates. 

 

Figure 2.1. (a) Commercially available lipid-coated beads. Lipid molecules are immobilized via 

biotin–streptavidin binding. (b) Lipid-immobilized beads prepared in this study. Lipid molecules 

are covalently immobilized at high density. 
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2.2 Identification of Proteins in Proteomics 

 Mass spectrometry (MS)-based proteomics is widely used to identify binding 

proteins obtained through the photoaffinity labeling method and affinity purification. In 

this approach, 1) proteins are digested into peptides using amino acid residue-specific 

endopeptidases, 2) the mass spectra of the fragment peptides are measured using tandem 

mass spectrometry (MS/MS), and then 3) the obtained mass spectrum data is used to 

search protein sequence databases, where the sequence data that most closely matches the 

measured data is identified (Figure 2.2). 

 

 
Figure 2.2. The outline of protein identification in MS-based proteomics. 

 

 The peptides derived from proteins are separated typically using a Nano-LC 

system and then ionized by electrospray ionization. In the first MS, each ionized peptide 

is separated, and specific ions (precursor ions) are directed into the collision cell. In the 

collision cell, ions are subjected to collisions with inert gases such as argon or helium, 

leading to fragmentation and the generation of product ions. In the second MS, product 
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ions are measured for each precursor ion, and the sequence is determined from the 

fragmentation patterns. These patterns correspond to ions formed by the cleavage of the 

peptide chain22 (Figure 2.3). The amino acid sequence of each peptide is identified based 

on the degree of match between the obtained MS/MS data and the theoretical data from 

the protein sequence database. Finally, the proteins containing the matched sequences are 

identified. 

 

 

Figure 2.3. The cleavage sites in the peptide chain (a) and the fragment ions generated by the 

cleavage (b). The sequences that retain the N-terminal of the precursor ion are denoted as a, b, 

and c, while the sequences that retain the C-terminal are denoted as x, y, and z. 
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2.3 Experimental Section 

2.3.1 Materials and Methods 

General 

NHS-activated FG beads were purchased from Tamagawa Seiki Co., Ltd. (Nagano, 

Japan). SM coated beads were purchased from Echelon Biosciences (Salt Lake City, UT, 

USA). Antibodies were purchased from Proteintech Group, Inc. (Rosemont, IL, USA). 

All other reagents were purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, 

Japan), Tokyo Chemical Inc. (Tokyo, Japan), Nacalai Tesque Inc. (Kyoto, Japan), or 

Sigma-Aldrich (St. Louis, MO, USA). For details of the synthesis of compounds 1–7, see 

Supporting Information. 

 

Preparation of lipid-immobilized beads 

NHS-activated beads (1.0 mg) were washed three times with 200 µL of DMF and 

incubated with 10 mM triethylamine and 1 mM aminated lipids in 200 µL of DMF 

overnight at room temperature. The beads were washed three times with 200 µL of DMF, 

and unreacted NHS ester groups were masked with 1.0 M ethanolamine in DMF. After 

washing three times with 50% MeOH, these beads were resuspended in 50 µL of 50% 

MeOH, and stored at 4°C. Negative control beads were prepared by reacting with 1 mM 

dodecylamine in DMF, instead of aminated lipids. 

 

Phosphorus quantification 

The amount of phosphorus on SM beads was quantified using the molybdenum blue 

method.29 25% H2SO4 (225 µL) was added to 0.2 mg of SM and control beads, 

respectively. Each suspension was heated at 200°C for 25 min, cooled for 5 min, mixed 
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with 75 µL of H2O2, and heated at 200°C for 30 min. After cooling for 5 min, Milli-Q 

water (1950 µL), 10% ascorbic acid (250 µL), and 2.5% hexaammonium heptamolybdate 

(250 µL) were sequentially added to the suspension and the mixture was heated at 100°C 

for 7 min. Absorbance of the supernatant was measured at 820 nm using a JASCO V-

730BIO (JASCO Corporation, Tokyo, Japan). 

 

STEM and EDS analysis 

SM and control beads were washed with water twice and resuspended in 50 μL of Milli-

Q water. An aliquot of 7 μL suspension was placed on a carbon-coated copper grid 

(Okenshoji, Tokyo, Japan), excess water was removed, and the sample was dried in 

vacuo overnight. STEM images were observed using a JEM-ARM200F instrument 

equipped with a JED-2300T (JEOL, Tokyo, Japan) at an acceleration voltage of 200 kV. 

The JEOL Analysis Station software was used to control STEM-EDS mapping. 

 

Neuro-2a cell lysate preparation 

Neuro-2a cells were cultured in E-MEM supplemented with 10% fetal bovine serum and 

1% penicillin-streptomycin at 37°C with 5% CO2. Cells were suspended in lysis buffer 

(50 mM Tris [pH 8.0], 150 mM NaCl, and 1% Nonidet P-40) containing protease inhibitor 

cocktail (Nacalai Tesque Inc., Kyoto, Japan), incubated on ice for 1 h, and centrifuged at 

1,5000 rpm, for 20 min at 4°C. The supernatant was collected to prepare the lysate. The 

protein content in the lysate was quantified with BCA Protein Assay Kit (Takara Bio Inc., 

Shiga, Japan), and the lysate was diluted to a concentration of 1 mg mL−1. 
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Pulldown with lipid-immobilized beads 

Each type of bead (0.5 mg) was washed with 200 µL of lysis buffer before use, followed 

by dispersion in 50 µL of protein solution. After incubation at 4°C for 4 h, the supernatant 

was removed through magnetic separation. The beads were washed twice with 200 µL of 

lysis buffer and then boiled in SDS sample buffer (240 mM Tris-HCl [pH6.8], 8% SDS, 

40% glycerol, 0.1% bromophenol blue, and 20% 2-mercaptoethanol). The eluted proteins 

were applied to 4%–20% SDS-PAGE. Proteins were detected by silver staining or western 

blotting. 

 

Lysenin pulldown with lipid-immobilized beads and commercial beads 

SM-immobilized beads (0.2 mg) were incubated with a protein mixture (10 µg mL−1 RFP-

lysenin and 1 mg mL−1 BSA in lysis buffer, 50 µL). The subsequent procedure was the 

same as above. By contrast, commercial SM beads (Echelon Bioscience, 40 µL) were 

washed with 200 µL of lysis buffer before use, followed by dispersion in 50 µL of the 

same protein mixture. After incubation at 4°C for 4 h, the supernatant was removed by 

centrifugation at 800 × g for 4 min. The beads were washed twice with 200 µL of lysis 

buffer, boiled in SDS sample buffer, and centrifuged at 800 × g for 4 min. The supernatant 

was applied to a 4%–20% SDS-PAGE gel, followed by silver staining. 

 

Western blotting 

Proteins were electrophoretically transferred from SDS-PAGE gels to PVDF membranes 

(Bio-Rad, Hercules, CA, USA). The membranes were blocked with 2% BSA in PBS 

containing 0.05% Tween-20 (PBS-T) for 1 h at room temperature, incubated with primary 

antibodies (anti-p24 antibody and anti-CERT antibody) in PBS-T containing 2% BSA 
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overnight at 4°C, washed three times with PBS-T, incubated with HRP-conjugated 

secondary antibodies for 1 h, and washed three times with PBS-T. Signals were detected 

with an imaging system (ImageQuant LAS 4000 mini, Cytiva, Marlborough, MA, US). 

 

Proteomic analysis 

Each selected band was cut into pieces and subjected to LC-MS/MS analysis. The gel 

fragments were destained and digested with mass spectrometry-grade trypsin 

(PROMEGA, Madison, WI, USA) in 25 mM ammonium bicarbonate. nLC-MS/MS 

analysis was conducted using Advance UHPLC (Bruker, Billerica, MA, USA) and 

Orbitrap Velos Pro (Thermo Fisher Scientific, Waltham, MA, USA). Trypsin-digested 

samples were separated by SilicaTip (0.100 mm i.d. × 15 cm, Nikkyo Technos, Japan) 

packed with a 3-μm C18 L-column (Chemical Evaluation and Research Institute, Japan) 

using a linear gradient (30 min, acetonitrile/0.1% formic acid) at a flow rate of 320 nL 

min−1. The resulting MS and MS/MS data were searched against the Swiss-Prot database 

using the Mascot search engine software (ver. 2.8.0.1, Matrix Science, Boston, MA, USA). 

Significance threshold was set to p < 0.05. The proteins with at least three peptide matches 

were listed. Nonspecific proteins identified in control samples were excluded from the 

list of identified proteins. 
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2.4 Result 

2.4.1 Preparation of lipid-immobilized beads 

 Because lipid rafts—functional domains of biological membranes enriched in 

sphingolipids and cholesterol—are proposed to be platforms for the accumulation and 

functioning of MPs,23-26 sphingomyelin (SM) and ceramide (Cer), which are major 

players in lipid rafts, were chosen for immobilization.27 Because proteins localized in 

lipid rafts potentially recognize not only the rigidity but the constituent lipid molecules 

of the rafts, these beads are expected to identify raft-related proteins. First, derivatives of 

SM and Cer were synthesized by introducing amino groups at the acyl chain terminals of 

lipid molecules (Scheme 2.1). Synthesis of aminoSM 5 commenced with deacylation of 

eggSM in methanolic HCl to yield lysosphingomyelin 3. Subsequent introduction of the 

azido acyl chain to 3, followed by reduction of the azido group through the Staudinger 

reaction yielded the desired product 5. AminoCer 7 was synthesized according to a similar 

scheme utilizing sphingosine as a substrate instead of lysosphingomyelin. The 

synthesized lipid derivatives were immobilized on FG beads (Scheme 2.2). Because FG 

beads (nanomagnetic beads) have a high density of functional groups on their surface,28 

they would be well-suited for mimicking lipid membranes. The aminated lipids were 

immobilized by mixing with NHS-activated FG beads, where carboxy groups were 

activated as N-hydroxysuccinimide (NHS) ester groups. Subsequently, unreacted NHS 

ester groups were masked with aminoethanol. In addition to these lipid-immobilized 

beads, negative control beads were prepared by reacting with dodecylamine. 
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Scheme 2.1. Syntheses of aminoSM and aminoCer. 

 

 
Scheme 2.2. Immobilization of aminosphingolipids on beads. 

 

2.4.2 Lipids were densely immobilized on the beads 

 To confirm the dense immobilization of lipid molecules on the bead surface, 

phosphorus atoms present in the head of SM were used to quantify immobilized lipid. 

Because phosphorus atoms are not contained in either the bead carrier or linker, the 

distribution and quantification of lipid molecules on the beads was simultaneously 

estimated through phosphorus detection. 

 Initially, scanning transmission electron microscopy (STEM) and energy-

dispersive X-ray spectroscopy (EDS) analyses were conducted to confirm secure 

immobilization of SM molecules. In addition to carbon and Fe atoms, which were present 
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in FG beads, phosphorus atoms were detected and distributed on SM beads (Figure 2.4a). 

In the case of SM beads, a 2.0 keV peak, derived from phosphorus atoms, was detected 

in the EDS spectrum (Figure 2.4b), whereas no phosphorus atoms were detected in 

control beads (Figure 2.4c). 

 

 

Figure 2.4. (a) STEM and EDS mapping images of SM beads; (b) an extracted EDS spectrum of 

SM beads in the area enclosed by the red line; a 2.0-keV peak derived from phosphorus atoms is 

detected; (c) an extracted EDS spectrum of control beads in the area enclosed by the red line; a 

2.0-keV peak is not detected. 

 

 Next, the amount of immobilized SM was determined through phosphorus 

quantification. The beads were decomposed with sulfuric acid and hydrogen peroxide. 

The phosphoric acid formed was quantified by the molybdenum blue method.29 The 

amount of immobilized SM molecules per milligram of beads was determined as 73.2 ± 

3.0 nmol mg−1, indicating an occupation area of 51.4 ± 2.1 Å2 per SM molecule on the 

bead surface (Table 2.1). This value is comparable to that of an authentic lipid bilayer 

(40–60 Å2),30, 31 suggesting that a lipid membrane structure is reproduced on the bead 

surface.  
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 Taken together, these results confirmed uniform immobilization of lipid 

molecules at high density on the bead surface mimicking a lipid membrane structure. 

 

Table 2.1. Amount of immobilized SM molecules per milligram of beads (x) and an occupation 

area per SM molecule on the bead surface (s). 

  x (nmol mg−1) s (Å2) 

1 76.6 49.1 

2 72.5 51.8 

3 70.6 53.2 

Average 73.2 51.4 

SD 3.0 2.1 

 

2.4.3 Lipid-binding proteins interacted with the beads 

 To validate the efficacy of lipid-immobilized beads in obtaining lipid-specific 

binding proteins, pulldown experiments were conducted using known lipid-binding 

proteins. Initially, a pulldown assay was executed using lysenin, which is a toxic protein 

sourced from earthworms and specifically recognizes and binds SM clusters.32-34 SM-, 

Cer-, and control beads were incubated with a solution containing red-fluorescent protein 

(RFP)-labelled lysenin and bovine serum albumin (BSA) and washed. Fluorescence 

microscopy showed that RFP-lysenin bound specifically to SM beads and not the other 

beads (Figure 2.5). Bead-bound proteins were recovered through heat treatment and 

visualized using silver-stained SDS-PAGE. Lysenin exhibited specific binding to SM 

beads (Figure 2.6a). Then, these lipid-immobilized beads were compared with 

commercially available lipid-coated beads (Echelon Biosciences), on which lipids are 

sparsely immobilized through biotin–streptavidin linkage. SM-immobilized beads 

prepared in this study and commercial SM-coated beads were incubated with a mixture 
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of lysenin and BSA, and subjected to pulldown experiments. Consequently, SM-

immobilized beads had a markedly higher affinity for lysenin than the commercial beads 

(Figure 2.6b). 

 To further demonstrate the capacity of lipid-immobilized beads, we examined 

whether known lipid-binding proteins could be pulled down from complex protein 

mixtures such as cell lysates. The cell lysate of Neuro2a was incubated with the beads 

and the recovered proteins were identified through western blotting with antibodies 

targeting p24,35 an SM-specific binding protein, and START domain of CERT,36, 37 a Cer-

specific binding domain. The results revealed the specific binding of p24 to SM beads 

(Figure 2.7, top) and the START domain to Cer beads (Figure 2.7, bottom). Thus, the 

author confirmed the applicability of lipid-immobilized beads in isolating lipid-binding 

proteins from complex protein mixtures and identifying lipid-specific proteins. 
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Figure 2.5. RFP-lysenin bound to each type of beads (a: SM beads, b: Cer beads, c: control beads). 

After incubation with RFP-lysenin and washing with PBS, the beads were resuspended in PBS 

and observed using a fluorescence microscope (BZ-X700, Keyence, Osaka, Japan). RFP-lysenin 

specifically bound to SM beads and not to the other beads. The brightness and contrast were 

adjusted for clarity. 

 

 

Figure 2.6. (a) Pulldown assay of lysenin with SM, Cer, and control beads. Each lipid-

immobilized bead (0.2 mg) was incubated with 30 µg mL−1 RFP-lysenin solution. Lysenin 

specifically bound to SM beads; (b) comparison of the performance between SM-immobilized 

beads prepared in this study and commercial lipid-coated beads. SM-immobilized beads and 

commercial SM beads were dispersed in a protein mixture containing RFP-lysenin and BSA. 
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Figure 2.7. Western blotting of endogenous lipid-binding proteins from Neuro2a cell lysates; P24, 

a protein specific to SM, exhibited specific binding to SM beads (top); START domain of CERT, 

a domain that specifically binds Cer, was detected with Cer beads (bottom). 

 

2.4.4 Screening lipid-specific binding proteins from Neuro2a cells 

 To demonstrate screening of lipid-binding proteins, proteins recovered from 

lipid-immobilized beads incubated with Neuro2a cell lysates were separated with SDS-

PAGE, to obtain several distinctive bands (indicated by arrows, Figure 2.8). The proteins 

in these bands were identified by proteomic analysis (Table S2.1 in Supporting 

Information). For each band, proteins with top three Mascot scores are presented in Table 

2.2, and proteins from control beads were excluded as nonspecific bindings. the author 

focused on tumor protein D54 (TPD54), an SM-binding protein, identified in band #3. 

Pulldown experiments with authentic TPD54 were performed, confirming the specific 

binding of TPD54 to SM beads (Figure 2.9). 
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Figure 2.8. SDS-PAGE separation of lipid-binding proteins obtained from Neuro2a cell lysate 

using lipid-immobilized beads (0.5 mg); proteins were visualized with silver staining; numbered 

bands were excised and subjected to LC-MS/MS analyses; lanes not involved in this experiment 

have been removed. 

 

 
Figure 2.9. Pulldown assay of recombinant TPD54 using SM, Cer and control beads; each type 

of lipid-immobilized beads (0.25 mg) was incubated with 25 µg mL−1 TPD54 in lysis buffer; 

TPD54 specifically bound to SM beads. 
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Table 2.2. Candidate lipid-specific proteins from Neuro2a cells in each band 

Band Lipid Protein name 
Mascot 

score 
Mass 

Number of 

peptides 

#1 Cer 

Keratin, type I cytoskeletal 42 123 50,444 4 

Bone marrow stromal antigen 2 91 19,311 3 

Nesprin-2 87 787,997 5 

#2 SM 

Proline-, glutamic acid- and leucine-

rich protein 1 
99 119,306 4 

YLP motif-containing protein 1 80 155,146 4 

GRB10-interacting GYF protein 2 79 149,387 3 

#3 SM 

Tumor protein D54 805 24,085 32 

MICOS complex subunit Mic19 229 26,546 6 

Vimentin 222 53,712 11 

#4 Cer 

Protein FAM3C 200 25,022 8 

Protein SCO2 homolog, 

mitochondrial 
183 29,097 7 

Bone marrow stromal antigen 2 167 19,311 4 

#5 SM 

ATP synthase subunit g 273 11,417 13 

Dynein light chain 1 160 10,530 4 

ATP synthase subunit e 144 8,230 6 
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2.5 Discussion 

 In this study, lipid-immobilized beads were developed to identify lipid-binding 

proteins. To mimic lipid membranes, sphingolipid derivatives with aminated acyl chain 

terminals were synthesized from lysosphingolipids (Scheme 2.1). These derivatives were 

subsequently amide-linked to the beads such that their hydrophilic heads were directed 

outward. EDS analysis and phosphorus quantification not only confirmed secure 

immobilization, but also revealed a high density of immobilized lipids equivalent to 

authentic lipid membranes, suggesting that the bead surface imitates lipid membranes 

(Figure 2.4). Thus, the author succeeded in preparing of detergent-tolerant and 

membrane-mimetic lipid-immobilized beads for screening membrane-associated 

proteins. 

 Pulldown of a known SM-binding protein, lysenin, showed specific binding to 

SM beads (Figures 2.5 and 2.6a). Comparison of the performance between these beads 

and commercially available beads further demonstrated the superiority of SM-

immobilized beads in recognizing lysenin (Figure 2.6b). Lysenin recognizes and binds 

SM domains rather than a single SM molecule.34 Thus, the commercial beads with sparse 

SM immobilization likely failed to capture lysenin. This result further supports the 

formation of a lipid membrane-like structure on the surface of lipid-immobilized beads. 

Additionally, p24 and START domain of CERT in Neuro2a cell lysates exhibited specific 

binding to SM and Cer beads, respectively (Figure 2.7), demonstrating that endogenous 

lipid-binding proteins can be detected from complex protein mixtures. The START 

domain is thought to be produced by proteolysis of CERT. These findings underscore the 

utility of this approach in obtaining lipid-specific binding proteins. Furthermore, the 

author conducted a screening from cell lysates as a demonstration experiment, and 
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identified interesting proteins as candidate lipid-binding proteins (Figure 2.8, Table 2.2). 

These candidates included transmembrane proteins, indicating that lipid-immobilized 

beads were suitable not only for soluble proteins but also for membrane proteins, due to 

the linker being sufficiently long to allow the insertion of transmembrane proteins onto 

the beads. ATP synthase subunit g was identified as an SM-specific protein at band #5. 

Given that ATP synthase was reported to localize in lipid rafts,38 SM recognition of ATP 

synthase may be attributed to its preference for lipid rafts. Protein FAM3C, identified as 

a Cer-binding protein in this study, is a biomarker for Alzheimer's disease and known to 

reduce the production of amyloid β (Aβ) protein.39 Besides, Cer is involved in the 

elevation of Aβ.40, 41 Therefore, the interaction between Cer and FAM3C might control 

the production of Aβ. 

 TPD54 was confirmed as SM-specific by the pulldown experiments (Figure 2.7). 

TPD54 is one of the most abundantly expressed proteins in cancer cells, and quantitative 

proteomics of HeLa cells revealed that TPD54 is the 180th most abundant of 8,804 

identified proteins.42 Recently, the presence of a membrane transport pathway facilitated 

by intracellular nanovesicles (diameter: ~30 nm) was revealed. TPD54 was reported to 

bind to the surface of the nanovesicles by inserting an amphipathic lipid-packing sensor 

(ALPS) motif.43, 44 Because the ALPS motif senses lipid packing,45 TPD54 likely 

recognizes and binds densely-packed SM membranes, and not individual SM molecules, 

through the ALPS motif. This again indicates the applicability of lipid-immobilized beads 

for obtaining proteins that recognize lipid membranes, which is otherwise difficult with 

conventional approaches. 
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2.6 Conclusion 

 Thus far, sparsely immobilized lipid-coated beads have been employed for 

screening lipid-binding proteins. However, these approaches face serious challenges 

when screening under conditions reflective of biological membranes, as evidenced by the 

pulldown of lysenin (Figure 2.4b). In this context, membrane-mimetic lipid-immobilized 

beads have opened a new avenue for identifying lipid-specific MPs that recognize not 

only a single lipid molecule but also lipid clusters or lipid membranes. Additionally, 

magnetic beads enable efficient pulldown through magnetic force, facilitating high-

throughput analysis and potential automation. The synthesis of aminated derivatives 

allows for the immobilization of diverse lipid species and development of a variety of 

lipid-immobilized beads. With an expanded repertoire of immobilized lipid species, high-

throughput analysis of various lipid–protein interactions becomes feasible. The 

comprehensive analysis of lipid-binding proteins can significantly contribute to 

understanding lipid–protein interactions and the significance of lipid diversity. 
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Abstract 

In biological membranes, lipids interact with membrane proteins (MPs) and play 

an important role in allosterically regulating their structure and function. Analyzing lipid-

MP interactions is necessary for understanding these regulatory mechanisms; however, 

there have been few comprehensive and systematic studies to date. To address this, the 

author developed a high-sensitivity, high-throughput platform that integrates lipid-

immobilized beads with advanced proteomics to analyze lipid-MP interactions in detail. 

The author prepared six types of lipid-immobilized beads, including sphingomyelin (SM), 

ceramide (Cer), dihydrosphingomyelin (DHSM), dihydroceramide (DHCer), 

phosphatidylcholine (PC), and cholesterol (Chol). In addition, the author introduced a 

novel type of beads that immobilized SM and Chol (SM/Chol beads) to mimic lipid rafts. 

The author first demonstrated that SM/Chol beads co-precipitated with Nakanori, a 

protein that specifically recognizes and binds to SM-Chol complexes, whereas beads 

immobilized with SM or Chol alone did not co-precipitate. This indicates the 

effectiveness of SM/Chol beads for the identification of raft-associated proteins. Next, 

the cell lysates were incubated with the seven types of lipid-immobilized beads and the 

recovered proteins were analyzed using shotgun proteomics. This approach successfully 

identified over 7000 lipid-binding proteins. Filtering based on fold-change values and 

subsequent enrichment analysis revealed distinct binding protein profiles for each lipid, 

highlighting the functional diversity of lipid-MP interactions and their roles in cellular 

processes. In summary, this methodology enables an unprecedented large-scale 

exploration of lipid-MP interactions. This platform provides a versatile tool for examining 

the lipid-mediated regulation of MPs and offers new insights into the physiological 

significance of the lipidome and its implications for health and disease.  
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3.1 Introduction 

In Chapter 2, a systematic analysis of “lipid-binding proteins” was developed 

using detergent-tolerant and membrane-mimetic lipid-immobilized beads. Thus, this 

method will provide a long-awaited advance in the analysis of lipid-MP interactions; 

however, the use of SDS-PAGE makes it still difficult to perform a comprehensive 

analysis of MPs. 

In this chapter, the author has improved this method in three ways. First, shotgun 

proteomics replaced SDS-PAGE, enabling the comprehensive and quantitative screening 

of lipid-binding proteins. Proteins bound to lipid-immobilized beads were eluted by heat 

denaturation with SDS, and the recovered proteins were digested with trypsin and 

analyzed by nanoflow liquid chromatography tandem mass spectrometry (nano-

LC/MS/MS) with data-independent acquisition (DIA). Second, to gain insight into the 

biological context of the lipid-protein interactions, the identified proteins were annotated 

to biological processes using an enrichment analysis. Third, the author expanded the 

variation of the lipid-immobilized beads. Since lipid rafts, domains of biological 

membranes enriched in sphingolipids and Chol, have been proposed to serve as platforms 

for the accumulation and function of MPs,1-4 raft-related lipid species were selected for 

immobilization. In addition to the previously prepared SM- and Cer-beads, the author 

newly immobilized dihydrosphingomyelin (DHSM), dihydroceramide (DHCer), 

phosphatidylcholine (PC), and cholesterol (Chol) on the beads (Figure 3.1). DHSM and 

DHCer, in which the double bond at C4–C5 in the sphingosine base is hydrogenated to a 

single-bond, are known to form domain more efficiently than their normal counterparts, 

SM and Cer, respectively,5, 6 but their specific physiological functions are less clear. 

Furthermore, SM/Chol beads were prepared by immobilizing a mixture of SM and Chol 
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in order to better reproduce lipid rafts on the beads surface. Using shotgun proteomics 

and these beads, more than 7,000 lipid-specific binding protein candidates were 

successfully identified from cell lysates. 

 

Figure 3.1. (a) Various lipids were immobilized on the beads. (b) The synthesized lipid derivatives 

have an amino group for covalent immobilization through amide bond formation. 

 

 

3.2 Gene Ontology Analysis 

Gene Ontology (GO) is a standardized terminology used to describe the 

functions of genes, and each term defined within GO is referred to as a GO term. GO 

terms are organized in a hierarchical structure and are broadly classified into three 

categories: Biological Process (BP), Cellular Component (CC), and Molecular Function 

(MF). BP describes the metabolic or signaling pathways in which gene products are 

involved, such as apoptosis. CC describes the subcellular locations of gene products, such 

as mitochondria. MF describes the biochemical activities of gene products, such as ligand 
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binding. Each gene is assigned GO terms that represent its functions, and this information 

is stored in databases. For example, the GO terms assigned to ATP synthase subunit a are 

shown in Table 3.1. 

 

Table3.1. the GO terms assigned to ATP synthase subunit a 

Biological Process (BP)  Cellular Component (CC) 

GO ID GO term  GO ID GO term 

GO: 0001937 
negative regulation of 
endothelial cell proliferation 

 GO: 0005737 cytoplasm 

GO: 0006629 lipid metabolic process  GO: 0005739 mitochondrion 

GO: 0006754 ATP biosynthetic process  GO: 0005743 mitochondrial inner membrane 

GO: 0014850 response to muscle activity  GO: 0005759 mitochondrial matrix 

GO: 0015986 
proton motive force-driven ATP 
synthesis 

 GO: 0005886 plasma membrane 

GO: 0042776 
proton motive force-driven 
mitochondrial ATP synthesis 

 GO: 0009986 cell surface 

GO: 0043536 
positive regulation of blood 
vessel endothelial cell migration 

 GO: 0016020 membrane 

GO: 0045471 response to ethanol  GO: 0016469 
proton-transporting two-sector 
ATPase complex 

GO: 0071549 
cellular response to 
dexamethasone stimulus 

 GO: 0045121 membrane raft 

GO: 0071732 cellular response to nitric oxide  GO: 0045259 
proton-transporting ATP 
synthase complex 

GO: 1902600 proton transmembrane transport  GO: 0045261 
obsolete proton-transporting 
ATP synthase complex, catalytic 
core F(1) 

   GO: 0070062 extracellular exosome 

Molecular Function (MF)  GO: 1902495 
transmembrane transporter 
complex 

GO ID GO term    

GO: 0002020 protease binding    

GO: 0003723 RNA binding    

GO: 0005515 protein binding    

GO: 0005524 ATP binding    

GO: 0016887 ATP hydrolysis activity    

GO: 0042288 MHC class I protein binding    

GO: 0043531 ADP binding    

GO: 0043532 angiostatin binding    

GO: 0046933 
proton-transporting ATP 
synthase activity, rotational 
mechanism 
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GO enrichment analysis is a method used to extract GO terms that are 

significantly overrepresented in a list of genes or gene products (e.g., proteins, RNA) 

compared to the entire genome (Figure 3.2). For example, if a specific Biological Process 

(BP) is enriched in a list of genes whose expression levels change in a particular disease, 

that BP is likely to be associated with the disease. Enriched GO terms are often grouped 

into clusters based on measures of semantic similarity or overlapping annotations, 

allowing for a more concise understanding of trends in functionally related terms or 

broader biological themes. Thus, GO analysis makes it easier to extract larger biological 

meaning or features with a given gene set. In this study, GO analysis of lipid-binding 

proteins was conducted to understand the biological context of lipid-protein interactions 

for each lipid. 

 

 

Figure 3.2. Overview of enrichment analysis: First, a list of genes or gene products is provided 

as input; in this study, a protein list was used. Then, enriched GO terms, which are significantly 

overrepresented among the GO terms assigned to each protein in the list, are output. 
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3.3 Experimental Section 

3.3.1 Materials and Methods 

General 

AminoSM (5) and AminoCer (7) were synthesized as described in Chapter 2. NHS-

activated FG beads were purchased from Tamagawa Seiki Co., Ltd. (Nagano, Japan). 

Trifluoroacetic acid (TFA) was purchased from Thermo Fisher Scientific (Waltham, MA, 

USA); Trypsin/Lys-C mix were from Promega (Madison, WI, USA); Iodoacetamide 

(IAA) and acetone were from Merck (Darmstadt, Germany); LC/MS-grade formic acid 

(FA), QTofMS-grade water, and QTofMS-grade acetonitrile were form Fujifilm Wako 

Pure Chemical (Osaka, Japan). All other reagents were all purchased from FUJIFILM 

Wako Pure Chemical Corp. (Osaka, Japan), Tokyo Chemical Inc. (Tokyo, Japan), Nacalai 

Tesque Inc. (Kyoto, Japan), or Sigma-Aldrich (St. Louis, MO, USA).  

 

Synthesis of aminated lipids  

The synthesis details of compounds 8–15 are given in Supporting Information. 

 

Preparation of the lipid-immobilized beads 

The synthesized aminated lipids were immobilized as described in Chapter 2. NHS-

activated beads (2.0 mg) were washed three times with 400 µL of DMF and incubated 

with 10 mM triethylamine and 1 mM aminated lipids in 400 µL of DMF overnight at 

room temperature. The beads were washed three times with 400 µL of DMF and the 

unreacted NHS ester groups were masked with 1.0 M ethanolamine in DMF. After 

washing three times with 50% MeOH, the beads were resuspended in 100 µL of 50% 

MeOH and stored at 4°C. Negative control beads were prepared through a reaction of 1 
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mM dodecylamine in DMF instead of the aminated lipids. 

 

Nakanori pulldown using lipid-immobilized beads 

SM, Chol, SM/Chol, and control beads (0.25 mg) were incubated with Nakanori (100 µg 

mL−1, 50 µL). After incubation at 4°C for 4 h, the supernatant was removed via magnetic 

separation. The beads were washed twice with 200 µL of lysis buffer (50 mM Tris [pH 

8.0], 150 mM NaCl, and 1% Nonidet P-40), boiled in SDS sample buffer (240 mM Tris-

HCl [pH 6.8]), 8% SDS, 40% glycerol, 0.1% bromophenol blue, and 20% 2-

mercaptoethanol). The supernatant was applied to a 4%–20% SDS-PAGE gel, followed 

by silver staining. 

 

Pulldown using lipid-immobilized beads 

Each type of the beads (0.5 mg) was washed with 200 µL of lysis buffer followed by 

dispersion in Neuro2a cell lysate (1 mg mL−1, 50 µL), which was prepared as described 

in Chapter 2. After incubation at 4°C for 4 h, the supernatant was removed via magnetic 

separation. The beads were washed twice with 200 µL of lysis buffer and boiled in SDS 

sample buffer. Three samples were prepared for each type of the beads. 

 

Proteomic analysis 

Shotgun proteomic analysis was performed as described previously,7 with modifications. 

To prepare the samples for proteomic analysis, 10 µL of the above sample was dispensed 

into a tube, to which 2 µL of 240 mM iodoacetamide (Merck) was added, and the mixture 

was incubated at room temperature for 30 min. Then, 36 µL of acetone pre-cooled to 

−30°C was added, and the mixture was stored at −30°C for 2 h. After centrifugation, the 
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supernatant was discarded. The sample was washed with 100 µL of 90% acetone pre-

cooled to −30°C and then centrifuged to remove supernatant. This washing step was 

repeated once more under the same conditions. The sample was then air-dried, dissolved 

in 4 µL of 125 ng/µL trypsin/Lys-C Mix (Promega), and sonicated for 90 s using a 

sonicator UIP400MTP (Hielscher Ultrasonics GmbH, Teltow, Germany), followed by a 

centrifugation. The sample was then incubated at 37°C for 30 min using a Thermomixer 

comfort (Eppendorf, Hamburg, Germany) at 300 rpm, and 1 µL of 1.25% trifluoroacetic 

acid (TFA) containing internal standard peptides was added. A quantitative peptide assay 

(PierceTM Quantitative Fluorometric Peptide Assay, Thermo Fisher Scientific) was then 

performed. For SM, SM/Chol, and Input samples, 100 ng of peptide was used for 

proteomic analysis. For the other samples, 1 µL was used for analysis, as peptide levels 

were below the quantitation limit of the assay. 

 The nano-LC/MS/MS system was composed of a Dionex Ultimate 3000 nano-

RSLC system and a Orbitrap Exploris 480, a high-performance benchtop quadrupole 

Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a Dream spray 

electrospray ionization source (AMR Inc., Tokyo, Japan). An Acclaim™ PepMap™ C18 

column (Thermo Fisher Scientific) with dimensions of 300 µm i.d. × 5 mm and a particle 

size of 5 µm was used as the pre-column for sample trapping. The loading pump was run 

at 1 µL/min with water/acetonitrile/TFA (98/2/0.1, v/v/v) and trypsin-digested sample 

was injected. After loading, the sample was switched online to the packed nano-LC 

column of 2 µm particle-size L-column2 ODS (CERI, Saitama, Japan) with dimensions 

of 50 µm i.d. × 200 mm. The nano-LC conditions were as follows: mobile phase, 

water/formic acid (FA) (100/0.1, v/v) (solvent A) and water/acetonitrile/FA (80/20/0.1, 

v/v/v) (solvent B); flow rate, 200 nL/min; and column temperature, 40°C. The gradient 
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conditions were as follows: 5% B, 0–5 min; 5–35% B, 5–95 min; 35–80% B, 95–96 min; 

80% B, 96–101 min; 80–5% B, 101–102 min; and 5% B, 102–120 min. The MS analysis 

conditions were as follows: polarity, positive ionization; spray voltage, 1.8 kV; capillary 

temperature, 275°C; S-lens level, 50; mass resolution, 30,000; automatic gain control 

(AGC) target, 3,000,000; maximum injection time (IT), 50 ms; and MS scan range, 400–

900 (m/z). The MS/MS spectra were acquired using DIA mode with higher-energy 

collision dissociation. The DIA conditions were as follows: mass resolution, 30,000; AGC 

target, 1,000,000; maximum IT, 41 ms; loop count, 60; isolation window, 4 (Da) from 

430 to 670 (m/z); fixed first mass, 200 (m/z); and normalized collision energy (NCE), 25 

eV. 

 Raw files from DIA were analyzed in DIA-NN 1.88 using an in silico DIA-NN 

predicted spectral library. The parameters of the mouse reference spectral library 

generated from the SwissProt database (2023.03.18-21.42.04.29) are as follows: enzyme 

used, trypsin; peptide length range, 7−50; allowed number of maximum missed cleavages, 

1; modifications, methionine oxidation, carbamidomethylation of cysteine, and N-

terminal acetylation; and false discovery rate (FDR), less than 1%. 

 

Calculation of the fold-changes and selection of lipid-binding proteins 

The fold-change values, representing the ratio of protein amounts between the lipid-

immobilized beads and control beads or the input, were calculated. The protein amounts 

were determined by summing the peak height values of the top six product ions (MS/MS) 

with the highest intensity for each sequence-specific peptide. Three measurements were 

made for each bead and the mean protein amount was used. The protein quantities were 

normalized to the total amount of binding protein for each bead. For lipid-binding proteins 
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not identified in the inputs or controls, the fold-change was calculated using the lowest 

value (7.6 × 102) in the measurement instead of the input and/or control. Proteins were 

selected in which the fold-change values were in the top 15% for inputs and/or controls 

and those that had a fold-change greater than two times that of the other beads were 

extracted to remove duplicates. The resulting proteins identified from the six bead types, 

excluding SM/Chol beads, were further filtered to remove duplicates within the set. In 

contrast, the SM/Chol-binding protein candidates were selected to exclude duplicates 

from the remaining six bead types. 

 

Enrichment and clustering analysis using DAVID 

Enrichment analysis was performed using the Database for Annotation, Visualization, and 

Integrated Discovery (DAVID) Bioinformatics Resource.9, 10 Significantly enriched GO 

terms were defined if their p-values were < 0.05. The enrichment score for each cluster 

was defined as the geometric mean (−log scale) of the member’s p-values in the 

corresponding annotation cluster. Clusters with enrichment scores greater than 

−log10(0.05) were considered significant. For the GO term enrichment and clustering 

analyses, GO_FAT categories were used. 

 

 

3.4 Result 

3.4.1. Preparation of lipid-immobilized beads 

 In addition to SM and Cer beads, DHSM, DHCer, Chol, PC, and SM/Chol beads 

were prepared. These lipids were selected based on their association with lipid rafts. 

DHSM and DHCer, which feature a single bond replacing the double bond at the C4–C5 
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position in the sphingosine base, form domains more efficiently than their normal 

counterparts, SM and Cer, respectively;5, 6 however, their specific physiological functions 

remain unclear. The author synthesized amino derivatives of these lipids (Figure 3.1b), 

which were covalently immobilized onto the beads.  

 An aminated derivative of DHSM 8 was synthesized by the hydrogenation of 

azidosphingomyelin 7 (Scheme 3.1), which was prepared as previously described.11 The 

synthesis of amino-DHCer 11 commenced with the deacylation of C18 DHCer in 

CHCl3/MeOH with HCl to yield dihydrosphingosine 9 (Scheme 3.1). The subsequent 

introduction of the azido acyl chain to dihydrosphingosine, followed by reduction of the 

azido group through the Staudinger reaction, yielded the desired product 11. AminoChol 

13 was synthesized by introducing the amino group to 3β-hydroxy-Δ5-cholenic acid. 

After activating the carboxy group of 3β-hydroxy-Δ5-cholenic acid, treatment with an 

excess amount of ethylenediamine yielded aminoChol 13 (Scheme 3.2 top). AminoPC 

15 was also synthesized using lysoPC as the substrate according to a scheme similar to 

that used for aminoDHCer (Scheme 3.2 bottom). Following the condensation of lysoPC 

with the azido acyl chain, the azido group was reduced to obtain aminoPC 15.  

 These aminated lipids were immobilized on the FG beads, in the same manner 

as in Chapter 2. These lipids were incubated with NHS beads, in which the carboxyl 

groups of the FG beads were activated as N-hydroxysuccinimide (NHS) esters, and 

unreacted NHS ester groups were subsequently blocked with aminoethanol, resulting in 

the preparation of six lipid-immobilized beads (SM, Cer, DHSM, DHCer, Chol, and PC 

beads). To mimic lipid rafts, SM/Chol beads were also prepared by conjugating equimolar 

amounts of aminoSM and aminoChol with NHS beads. In addition, dodecylamine was 

immobilized as a negative control alongside these lipid-immobilized beads. 
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Scheme 3.1. Synthesis of aminoDHSM and aminoDHCer 

 

 

 
Scheme 3.2. Synthesis of aminoChol and aminoPC 
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3.4.2. Nakanori selectively bound to SM/Chol beads 

 Nakanori is a protein isolated from extracts of the edible mushroom Grifola 

frondosa. It specifically recognizes and binds to a complex of SM and Chol, but not to 

other lipids or proteins.12 To evaluate the performance of SM/Chol beads, a pulldown 

assay was conducted using this protein. Nakanori was incubated with SM/Chol, SM, Chol, 

and control beads overnight at 4°C. After washing, the protein was recovered from each 

bead type and subjected to electrophoresis and silver staining. The results indicated that 

Nakanori was detected only with SM/Chol beads, whereas beads immobilized with either 

SM or Chol alone failed to co-precipitate the protein (Figure 3.3). These results are 

consistent with the fact that Nakanori is specific to SM/Chol raft domains in 

membranes.12 More importantly, this experiment clearly demonstrates that the raft 

domains were successfully reproduced on SM/Chol beads, confirming their effectiveness 

in identifying raft-associated proteins. 

 

 

Figure 3.3. Pulldown assay of Nakanori with SM, Chol, SM/Chol, and control beads. Nakanori 

specifically binds to SM/Chol beads, but not to SM or Chol beads. 

 

3.4.3 Identification of lipid-binding proteins from Neuro 2a cell lysates 

 Seven different beads were used to screen for lipid-binding proteins from 

Neuro2a cell lysates. The beads were incubated with the cell lysates, washed, and 

subjected to heat treatment to elute the bound proteins. The recovered proteins were 
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enzymatically digested and analyzed by a highly sensitive DIA-based nano-LC-MS/MS 

system using a nano-spray integrated nano-LC column with a fused silica capillary of 50 

µm inner diameter (i.d.) and 2 µm ODS particles.13 This approach identified over 7,000 

proteins along with their fold-change values, which represent the ratios of protein 

abundance between lipid-immobilized beads and the control beads or the input (Table 

S3.1.1). The putative lipid-binding proteins were refined through a two-step selection 

process. First, proteins with fold-change values in the top 15% relative to either the input 

or control were selected. Second, to minimize redundancy among the beads, the proteins 

were filtered so that the fold-change value for a particular type of the beads was at least 

twice as large as those for the other beads (Table 3.2). For the six bead types, excluding 

SM/Chol beads, the candidates were filtered within the group. For SM/Chol beads, 

candidates were selected to exclude duplicates with the other six bead types. The top five 

proteins based on fold-change values for each type of the beads are listed in Table 3.3. 

The resulting candidates included several known lipid-binding proteins, such as annexin 

A1 (Anxa1)14 and ceramide transfer protein (Cert1)15, which were associated with Cer, 

interferon-induced transmembrane protein 3 (Ifitm3)16, which was associated with Chol, 

and TPD54 (Tpd52l2)11, which was associated with SM. The results validate this 

procedure for identifying lipid-binding proteins and suggest that the dataset may include 

novel candidate proteins. This method effectively identifies proteins that distinguish not 

only differences in hydrophilic head groups and the presence of double bonds, but also 

mixed lipid components, offering a robust approach for characterizing lipid-MP 

interactions. 
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Table 3.2. Number of lipid-binding proteins after deduplication. 

Lipid Number of lipid-

binding proteins 

Cer 49 

SM 177 

DHCer 356 

DHSM 35 

Chol 464 

PC 17 

SM/Chol 34 

 

Table 3.3. Representative lipid-binding protein candidates after deduplication. 

Lipid Gene Name Fold-

change 

versus 

input 

Gene Name Fold-

change 

versus 

control 

Cer Serpinb10 Serpin B10 4997.8 Hand1 Heart- and neural crest 

derivatives-expressed protein 1 

1709.8 

Adh7 All-trans-retinol 

dehydrogenase [NAD (+)] 

ADH7 

2676.4 Stx1b Syntaxin-1B 718.6 

Hck Tyrosine-protein kinase HCK 1914.1 Tm2d2 TM2 domain-containing protein 

2 

699.9 

Ttc23l Tetratricopeptide repeat 

protein 23-like 

1602.0 Znf277 Zinc finger protein 277 196.9 

Pmel Melanocyte protein PMEL 1578.0 Wdcp WD repeat and coiled-coil-

containing protein 

24.9 

SM Dact3 Dapper homolog 3 88.6 Dnm1 Dynamin-1 4165.9 

Ipp Actin-binding protein IPP 77.7 Rab3gap2 Rab3 GTPase-activating protein 

non-catalytic subunit 

3813.7 

Elk3 ETS domain-containing 

protein Elk-3 

74.7 Arhgap17 Rho GTPase-activating protein 

17 

3443.8 

Dlx1 Homeobox protein DLX-1 71.3 Vwa8 von Willebrand factor A domain-

containing protein 8 

3235.9 

Ccdc38 Coiled-coil domain-

containing protein 38 

70.9 Mettl16 RNA N6-adenosine-

methyltransferase METTL16 

3222.1 

DHCer Tmem19 Transmembrane protein 19 4513.2 Vps52 Vacuolar protein sorting-

associated protein 52 homolog 

28881.0 

Cmtm7 CKLF-like MARVEL 3191.3 Arl6ip5 PRA1 family protein 3 27579.2 
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transmembrane domain-

containing protein 7 

Lyset Lysosomal enzyme 

trafficking factor 

2160.4 Clcn6 H(+)/Cl(-) exchange transporter 6 25795.4 

Hdac11 Histone deacetylase 11 1604.6 Bst2 Bone marrow stromal antigen 2 22274.2 

Paqr4 Progestin and adipoQ 

receptor family member 4 

1346.9 Ssr3 Translocon-associated protein 

subunit gamma 

19637.9 

DHSM Krt12 Keratin, type I cytoskeletal 

12 

29822.0 Uqcrh Cytochrome b-c1 complex 

subunit 6, mitochondrial 

29329.1 

Krt8 Keratin, type II cytoskeletal 8 950.2 Pnpla8 Calcium-independent 

phospholipase A2-gamma 

5394.1 

Nxpe4 NXPE family member 4 212.3 Ccpg1 Cell cycle progression protein 1 1402.1 

Etfrf1 Electron transfer flavoprotein 

regulatory factor 1 

96.5 Hsd17b11 Estradiol 17-beta-dehydrogenase 

11 

1250.9 

Phb2 Prohibitin-2 79.5 St3gal4 CMP-N-acetylneuraminate-beta-

galactosamide-alpha-2,3-

sialyltransferase 4 

1215.4 

Chol Hspb1 Heat shock protein beta-1 3649.1 Scyl1 N-terminal kinase-like protein 10913.1 

S100a6 Protein S100-A6 1953.9 Fbxl8 F-box/LRR-repeat protein 8 5075.9 

Insrr Insulin receptor-related 

protein 

1378.1 Mast2 Microtubule-associated 

serine/threonine-protein kinase 2 

3526.8 

Serpinb5 Serpin B5 1328.3 Slc39a7 Zinc transporter SLC39A7 2899.8 

Saysd1 SAYSvFN domain-

containing protein 1 

1290.7 Sac3d1 SAC3 domain-containing protein 

1 

2849.3 

PC Tssk4 Testis-specific 

serine/threonine-protein 

kinase 4 

174.1 Scd2 Stearoyl-CoA desaturase 2 5007.4 

TCAIM T-cell activation inhibitor, 

mitochondrial 

150.7 Dennd3 DENN domain-containing 

protein 3 

4299.1 

Abhd18 Protein ABHD18 91.2 Pctp Phosphatidylcholine transfer 

protein 

1408.3 

Uqcc4 Ubiquinol-cytochrome-c 

reductase complex assembly 

factor 4 

60.6 Trim23 E3 ubiquitin-protein ligase 

TRIM23 

1056.6 

Znf703 Zinc finger protein 703 20.6 Oxsm 3-oxoacyl-[acyl-carrier-protein] 

synthase, mitochondrial 

749.9 

SM/Chol Nrif1 Neurotrophin receptor-

interacting factor 1 

324.0 Ap4b1 AP-4 complex subunit beta-1 2377.8 

Sh3tc2† SH3 domain and 

tetratricopeptide repeat-

containing protein 2† 

90.7 Med24 Mediator of RNA polymerase II 

transcription subunit 24 

2368.0 

Dnajc30 DnaJ homolog subfamily C 

member 30, mitochondrial 

42.6 Mtr† Methionine synthase† 1993.1 

Mettl25b Methyltransferase-like 

protein 25B 

34.6 Ap4e1 AP-4 complex subunit epsilon-1 1488.2 
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Ttll7 Tubulin polyglutamylase 

TTLL7 

30.8 Ap5b1 AP-5 complex subunit beta-1 1476.8 

†: Dagger-marked proteins in SM/Chol were also identified in SM beads. For lipid-binding 

proteins that were not identified from the input or control beads, the fold-change values were 

calculated using the lowest value (7.6 × 102) in the measurement instead of the input and/or 

control. The complete lists are presented in Tables S3.1.2–S.3.1.8 in Supporting Information. 

 

3.4.4 Enrichment analysis of lipid-binding proteins 

 To examine the BP associated with each lipid, the identified proteins were 

analyzed for GO terms in the BP category using the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) Bioinformatics Resource.9, 10 This 

analysis provided enriched GO terms and annotation clusters (Table 3.4 and Supporting 

File 3.2 in Supporting Information). The top five enriched GO terms for each bead type 

are presented in Figure 3.4. The top three significant annotation clusters are illustrated in 

Figures 3.5, 3.6, and 3.7, although the Cer, DHSM, and SM/Chol beads yielded only one 

or two annotation clusters. For example, GO terms related to lipid biosynthesis and 

metabolism were shared across several types of the beads, but protein sulfation was 

uniquely annotated in DHSM-binding proteins and lysosome organization was 

specifically associated with SM/Chol-binding proteins (Supporting File 3.2 in 

Supporting Information). Notably, different proteins were identified and annotated 

between SM and DHSM beads or between Cer and DHCer beads (Figures 3.4-3.6), 

demonstrating that minor structural differences in lipids, such as the presence or absence 

of a single double bond, can change the interactions with proteins. In contrast, no 

significantly enriched pathways or clusters were identified for PC. Similar GO 

enrichment analyses were conducted for the CC and MF categories (Supporting Files 

3.2 and 3.4 in Supporting Information). 
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Table 3.4. Number of enriched GO terms and clusters of the BP category. 

Lipid 
Number of  

GO terms* 

Number of 

clusters** 

Cer 24 1 

SM 195 18 

DHCer 317 34 

DHSM 19 1 

Chol 268 28 

PC 0 0 

SM/Chol 27 2 

*Enriched GO terms with p-values lower than 0.05 were considered significant.  

**Clusters with an enrichment score, the geometric mean (in −log scale) of member's p-values in 

a corresponding annotation cluster, that was higher than −log10(0.05), were considered significant. 

 

 
Figure 3.4. The top five enriched GO terms in the BP category, ranked by the lowest p-value for 

each type of lipid-immobilized beads. The corresponding p-values (presented by bars) and protein 

counts (shown next to the bars) for each enriched GO term are shown on the right. 
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Figure 3.5. The top three significant clusters of the enriched GO terms in the BP category for 

Cer- and DHCer-binding proteins, although Cer beads yielded only one cluster. The 

corresponding p-values (represented by bars) and protein counts (indicated next to the bars) for 

each enriched GO term are shown on the right. The clusters with an enrichment score > 

−log10(0.05) were considered significant. 
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Figure 3.6. The top three significant clusters of the enriched GO terms in the BP category for 

SM- and DHSM-binding proteins, although DHSM beads yielded only one cluster. The 

corresponding p-values (represented by bars) and protein numbers (indicated next to the bars) for 

each enriched GO term are shown on the right. The clusters with an enrichment score > 

−log10(0.05) were considered significant. 
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Figure 3.7. The top three significant clusters of the enriched GO terms in the BP category for 

Chol- and SM/Chol-binding proteins, although SM/Chol beads yielded only two clusters. The 

corresponding p-values (represented by bars) and protein numbers (indicated next to the bars) for 

each enriched GO term are shown on the right. The clusters with an enrichment score > 

−log10(0.05) were considered significant. 

 

 

3.5 Discussion 

 In this chapter, the author firstly expands the variety of lipid-immobilized beads. 

In addition to SM and Cer beads, DHSM and DHCer beads were newly prepared to 

examine the difference in binding proteins depending on the presence and absence of the 
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double bond. Along with these sphingolipids, PC, Chol, and heterogeneous SM/Chol 

beads were prepared. In pull-down assays, nakanori, which specifically recognizes 

SM/Chol domains such as lipid rafts, bound to SM/Chol beads but did not to either SM 

or Chol beads (Figure 3.3). This result suggests that, despite the covalent immobilization, 

the surface of SM/Chol beads imitates SM/Chol-rich raft domains in cell membranes. 

This paves the way for immobilizing more heterogeneous and complicated lipid mixtures 

to reproduce biological membranes. 

 Using these prepared beads, the author screened for lipid-binding proteins from 

cell lysates. Without the use of SDS-PAGE, a high-depth and quantitative comprehensive 

analysis was conducted with shot-gun proteomics. Owing to this analysis, over 7,000 

proteins were comprehensively identified, which were filtered based on fold change 

values among each type of beads (Tables 3.2 and Supporting File 3.1 in Supporting 

Information). The resultant lipid-binding protein candidates were found to include several 

known lipid-binding proteins, confirming the efficacy of this method for comprehensive 

lipid-binding protein analysis.  

 Subsequently, the identified lipid-binding proteins were annotated using GO 

enrichment analysis to further understand the biological processes related to each lipid. 

The analysis suggests that both Cer and DHCer are potentially involved in protein 

glycosylation, because the GO term "protein glycosylation" was enriched in both Cer- 

and DHCer-binding proteins (Figure 4, Tables S3.2.1 and S3.2.5 in Supporting 

Information). However, characteristics of the identified glycosyltransferases are 

somewhat different between them. Cer-binding glycosyltransferases particularly include 

acetylgalactosamine transferase (Table S3.1.2 in Supporting Information), which 

synthesizes O-linked glycans in the Golgi apparatus, while glycosyltransferases identified 
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from DHCer bead were involved in both N-linked and O-linked glycan synthesis in the 

endoplasmic reticulum (ER) and the Golgi apparatus (Table S3.1.4 in Supporting 

Information). 

 DHCer was also involved in lipid biosynthesis and metabolism. Since DHCer is 

an important biosynthetic precursor of sphingolipids, it is reasonable that the enriched 

GO terms are related to the biosynthesis and metabolism of sphingolipids (Figure 3.5). 

Interestingly, the GO terms of DHCer were also associated with the biosynthesis and 

metabolism of glycerolipids, sterols, and fatty acids (Figure 3.5 and Table S3.2.6 in 

Supporting Information), which might suggest that DHCer regulates production and 

degradation of those lipids. Besides, the GO terms related to transmembrane transport 

were also significantly enriched in DHCer binding proteins (Figures 3.4 and 3.5). 

Approximately 20% of DHCer-binding proteins were annotated for membrane transport, 

including the ATP binding cassette (ABC) transporter family, Slc25 family, and Slc35 

family (Table S3.1.4 in Supporting Information). ABC transporters can actively transport 

molecules by ATP hydrolysis, and their functions are regulated by interactions with 

lipids.17 The Slc25 family localizes to mitochondria and maintains mitochondrial function 

through membrane transport.18 The Slc35 family transports nucleotide-sugars to the ER 

and/or the Golgi apparatus, supplying substrates for glycosylation.19 These results 

indicate that DHCer interacts with and potentially regulates these transmembrane 

transporters. However, why and how the minor structural difference between DHCer and 

Cer results in such distinct protein-binding profiles and BPs requires further investigation. 

 The enriched GO terms for SM and DHSM were entirely different. In the case 

of SM-binding proteins, 42% were localized in the nuclear lumen, and most were 

suggested to be involved in the regulation of nucleic acid biosynthesis and metabolism 
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(Figure 3.6, Tables S3.2.11, S3.2.12 and S3.3.9 in Supporting Information). Interestingly, 

SM is reported to be present in the nucleus and regulate DNA synthesis.20, 21 This 

consistency suggests that the regulation of DNA synthesis by SM is likely mediated by 

SM-binding proteins. 

 In contrast, DHSM-specific proteins enriched the GO term "protein sulfation," 

which includes tyrosine sulfotransferases TPST1 and TPST2 (Tables S3.1.5 and S3.2.7 

in Supporting Information). Tyrosine sulfation is a crucial post-translational modification 

involved in various biological processes.22 TPSTs are known to be inhibited by 

sphingolipids, including SM.23 The finding in this study indicated that DHSM is also a 

potential inhibitor of these enzymes. Additionally, DHSM was previously reported to 

block viral entry such as human immunodeficiency virus (HIV) through its rigid domain 

formations.24 However, given that the chemokine receptor CCR5, one of the receptors for 

HIV, facilitates HIV entry when its N-terminal tyrosines are sulfated,25 DHSM might 

prevent the viral entry through its inhibition of tyrosine sulfation, rather than physically 

blocking viral entry. 

 With regards to Chol-binding and SM/Chol-binding proteins, “protein 

localization” was enriched in BP category, but the identified proteins exhibited distinct 

characteristics. In Chol-binding proteins, nine importins, three transportins, and two 

exportins, were specifically identified (Table S3.1.3 in Supporting Information). 

Consistently, the GO terms related to protein transport to the nucleus were also 

significantly clustered in MF category (Table S3.4.4 in Supporting Information). This 

suggests a potential involvement of Chol in nucleocytoplasmic transport of proteins,26 

although the direct interaction of these proteins with Chol is not known. 

 In contrast, in SM/Chol-binding proteins, protein localization and vesicle-
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mediated transport were clustered together (Figure 3.7). In this group, three adaptor 

protein (AP)-4 subunits and one AP-5 subunit were identified (Table S3.1.8 in Supporting 

Information), and both AP-4 and AP-5 are known to mediate clathrin-independent vesicle 

transport.27 Considering the possible binding of these proteins to SM/Chol-rich lipid rafts, 

AP-4 and AP-5 may be involved in raft-mediated transports.  

 Given that PC is widely distributed in biological membranes, it is not surprising 

that no significantly enriched annotation was found. Overall, although further analysis is 

needed to elucidate these latent interactions between proteins and lipids, this method 

enables a comprehensive understanding of the physiological functions of various lipids, 

including heterogeneous lipid systems. 

 

 

3.6 Conclusion 

 In this chapter, a comprehensive analysis of lipid-specific binding proteins was 

achieved through a high-depth proteomic analysis and the expansion of lipid species 

based on lipid-immobilized bead technology. Enrichment-based cluster analyses of 

proteins identified from the seven types of lipid-immobilized beads suggest that lipid 

molecules potentially play multiple roles in biological processes. DHCer-binding proteins 

were enriched in processes related to glycosylation, lipid biosynthesis, and 

transmembrane transport. DHSM-binding proteins were associated with tyrosine 

sulfation, a key post-translational modification. SM/Chol-binding proteins are associated 

with protein localization and vesicle-mediated transport. These findings, although 

requiring further verification, highlight the functional significance of lipid-MP 

interactions in cellular processes.  
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 Surprisingly, different proteins were identified and annotated between the SM 

and DHSM beads as well as between the Cer and DHCer beads (Figures 3.3–3.5), which 

differed only in the presence or absence of a single double bond. This highlights the 

remarkable selectivity and specificity of the bead technology for characterizing lipid-MP 

interactions. This technology can be applied to a broader range of lipid species, including 

polyunsaturated fatty acids, glycolipids, ergosterol, and more complex and heterogeneous 

lipid mixtures, to reveal the physiological roles of lipid diversity. In this context, this 

platform facilitates comprehensive and integrated studies of previously unexplored lipid-

MP interactions, significantly advancing our understanding of lipid-mediated regulation 

of MPs. 
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Abstract 

 A comprehensive analysis of lipid-binding proteins has revealed various lipid-

protein interactions, but the subsequent interaction analysis and functional analysis are 

still challenging. In this chapter, a screening of ceramide-binding proteins from 

Saccharomyces cerevisiae, a model organism suitable for biochemical and genetic studies, 

was performed along with subsequent interaction analysis and functional analyses to gain 

a functional understanding of lipid-protein interactions. Using phytoceramide (PHCer) 

and dihydroceramide (DHCer)-immobilized beads, ceramide-binding proteins were 

identified through proteomics analysis. The main candidates identified were EXO70, a 

component of the exocyst complex involved in vesicular transport, and SRP-independent 

targeting protein 3 (SND3), involved in ER protein targeting. Since V-type proton ATPase 

(V-ATPase) was also identified as DHCer-binding proteins, intermolecular fluorescence 

resonance energy transfer was measured using fluorescent DHCer and GFP-tagged V-

ATPase in vacuolar membranes. This experiment confirmed the specific interaction 

between DHCer and V-ATPase, further suggesting a regulatory role for ceramide in V-

ATPase activity. This study demonstrated that yeast is a useful model in studying lipid-

protein interaction and provides a robust platform for further biochemical and genetic 

analyses. In this context, the current approach established a foundation for exploring the 

physiological relevance of lipid-protein interactions and a broader lipid-mediated 

regulatory mechanism. 
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4.1 Introduction 

 Budding yeast Saccharomyces cerevisiae has been used as a valuable 

microorganism for alcohol fermentation and other processes for a long time. S. cerevisiae 

is a eukaryote like humans, and has excellent features for molecular biology research, 

such as being inexpensive, quick, and easy to culture, as well as allowing easy genome 

modification. For these reasons, the yeast has been extensively studied as a eukaryotic 

model organism, and various fundamental properties of eukaryotic cells have been 

uncovered with the yeast. 

 Sphingolipids are essential components in the eukaryotic cell membranes and 

play crucial roles in various physiological functions.1-3 Yeast cells also contain 

sphingolipids, but their structures differ from those found in mammalian cells in three 

portions (Figure 4.1). (1) Sphingosine portions of mammalian sphingolipids have a trans 

double bond (sphingosine) or a saturated single bond at the C4-C5 (dihydrosphingosine), 

whereas yeast sphingosines are composed of phytosphingosine, which has a hydroxy 

group at the C4 position, and dihydrosphingsine.4 (2) Yeast sphingolipids typically 

contain a slightly longer acyl chain, primarily C264 (3) Mammalian glycosphingolipids 

feature glucose or galactose, whereas yeast complex sphingolipids contain an inositol 

phosphate.4 

 In the previous chapters, a comprehensive analysis of lipid-binding proteins was 

developed to reveal various lipid-membrane protein interactions; however, the 

subsequent interaction and functional analyses using the identified proteins have not yet 

been performed. This is partly due to the challenge in expression and biochemical 

manipulation of the identified proteins in mammalian cell systems. On the contrary, by 

using yeast cells, which facilitate genetic and biochemical approaches, investigation on 
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the physiological roles of the identified lipid-protein interactions would be much easier. 

 In this chapter, the author focused on ceramide species among yeast 

sphingolipids for the following reasons: yeast lacks sphingomyelin, a major sphingolipid 

in mammalian cells; ceramides and glycosphingolipids have strong physiological activity 

in yeast as signaling lipids, influencing processes such as differentiation, proliferation, 

and apoptosis,5-9 but the detailed mechanisms of these processes remain insufficiently 

understood; and modification of glycosphingolipids for immobilization is more 

challenging than ceramide modification. As yeast ceramides, dihydroceramide (DHCer) 

as well as phytoceramide (PHCer) having a 4-OH group (Figure 4.1) were immobilized 

onto beads. Then, the author performed a screening for ceramide-binding proteins from 

yeast lysates and identified ceramide-binding proteins. The identified V-type proton 

ATPase (V-ATPase) was further analyzed for interactions with ceramides by fluorescence 

resonance energy transfer (FRET) between green fluorescent protein (GFP)-tagged V-

ATPase and fluorescent lipids. 
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Figure 4.1. Structures of Cer, DHCer and PHCer.  

 

 

4.2 Experimental Section 

4.2.1 Materials and Methods 

General 

Compounds 11 were synthesized as described in Chapter 3. NHS-activated FG beads 

were purchased from Tamagawa Seiki Co., Ltd. (Nagano, Japan). All other reagents were 

all purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan), Tokyo 

Chemical Inc. (Tokyo, Japan), Nacalai Tesque Inc. (Kyoto, Japan), or Sigma-Aldrich (St. 

Louis, MO, USA). 

 

Synthesis of aminated PHCer 

The details are given in Supporting Information. 
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Preparation of ceramide-immobilized beads 

Ceramide-immobilized beads were prepared as described in Chapter 2. NHS-activated 

beads (1.0 mg) were washed three times with 200 µL of DMF and incubated with 10 mM 

triethylamine and 1 mM aminated lipids in 200 µL of DMF overnight at room temperature. 

The beads were washed three times with 200 µL of DMF, and unreacted NHS ester groups 

were masked with 1.0 M ethanolamine in DMF. After washing three times with 50% 

MeOH, these beads were resuspended in 50 µL of 50% MeOH, and stored at 4°C. 

Negative control beads were prepared by reacting with 1 mM dodecylamine in DMF, 

instead of aminated lipids. 

 

Preparation of yeast lysate 

Yeast cells were cultured in YPD (1 % yeast extract, 2 % peptone, and 2 % glucose). Cells 

were suspended in lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, and 1% Nonidet P-

40) containing protease inhibitor cocktail (Nacalai Tesque Inc., Kyoto, Japan), incubated 

on ice for 1 h, and centrifuged at 1,5000 rpm, for 20 min at 4°C. The supernatant was 

collected to prepare the lysate. The protein content in the lysate was quantified with BCA 

Protein Assay Kit (Takara Bio Inc., Shiga, Japan), and the lysate was diluted to a 

concentration of 1 mg mL−1. 

 

Pulldown of ceramide-binding proteins using lipid-immobilized beads 

Each type of bead (0.5 mg) was washed with 200 µL of lysis buffer before use, followed 

by dispersion in 50 µL of protein solution. After incubation at 4°C for 4 h, the supernatant 

was removed through magnetic separation. The beads were washed twice with 200 µL of 

lysis buffer and then boiled in SDS sample buffer (240 mM Tris-HCl [pH6.8], 8% SDS, 
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40% glycerol, 0.1% bromophenol blue, and 20% 2-mercaptoethanol). The eluted proteins 

were applied to 4%–20% SDS-PAGE. Proteins were detected by silver staining. 

 

Proteomic analysis 

Proteomic analysis was conducted as described in Chapter 2. Each selected band was cut 

into pieces and subjected to LC-MS/MS analysis. The gel fragments were destained and 

digested with mass spectrometry-grade trypsin (PROMEGA, Madison, WI, USA) in 25 

mM ammonium bicarbonate. nLC-MS/MS analysis was conducted using Advance 

UHPLC (Bruker, Billerica, MA, USA) and Orbitrap Velos Pro (Thermo Fisher Scientific, 

Waltham, MA, USA). Trypsin-digested samples were separated by SilicaTip (0.100 mm 

i.d. × 15 cm, Nikkyo Technos, Japan) packed with a 3-μm C18 L-column (Chemical 

Evaluation and Research Institute, Japan) using a linear gradient (30 min, 

acetonitrile/0.1% formic acid) at a flow rate of 320 nL min−1. The resulting MS and 

MS/MS data were searched against the Swiss-Prot database using the Mascot search 

engine software (ver. 2.8.0.1, Matrix Science, Boston, MA, USA). Significance threshold 

was set to p < 0.05. The proteins with at least two peptide matches were listed. 

Nonspecific proteins identified in control samples were excluded from the list of 

identified proteins. 

 

Isolation of vacuoles in yeast cells 

The mutant strains of S. cerevisiae were prepared to express GFP-tagged proteins: Vma5, 

Vma8, Vma13, and Vph1, which corresponded to V-ATPase subunit C, D, H and a, 

respectively. These mutants were cultured in TPD. Yeast cells equivalent to 20 OD600 

were pelleted (3,000 × g), resuspended in 1 mL of D-buffer (0.1 M Tris [pH 9.4], 10 mM 
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DTT), and incubated for 10 min at 30°C. The cells were washed once with 1 mL of 

spheroplast buffer (1.2 M sorbitol, 10 mM potassium phosphate [pH 7.4]) and 

resuspended in 1 mL of spheroplast buffer containing 1 mg mL−1 Zymolyase for 1 h at 

30°C. The spheroplasts were pelleted (3,000 × g) for 5 min at room temperature and 

resuspended in 50 µL of buffer A (0.2 M sorbitol, 10 mM potassium phosphate, pH 7.4) 

to induce gentle lysis of the spheroplasts without disrupting the vacuoles. The 

resuspended solution was mixed with 8% polysucrose to obtain a final concentration of 

4%, then centrifuged (20,000 × g). Finally, 50 µL of the supernatant was collected to 

obtain the vacuoles. 

 

Fluorescence resonance energy transfer analysis 

Dried fluorescent lipids (ATTO594-neg-DHCer and -DPPC) were dissolved into the 4% 

polysucrose at the concentration of 4 μg mL−1, and sonicated. Isolated vacuole solution 

was mixed with the lipid solution, and incubated for 30 min at 30°C. The vacuoles were 

observed by fluorescence using a confocal microscope (LSM880, Carl Zeiss Co., Ltd., 

Oberkochen, Germany), and the images were analyzed by ImageJ. 
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4.3 Result 

4.3.1 Preparation of Ceramide-Immobilized Beads 

  In this chapter, DHCer, which is also an endogenous lipid of mammalian cells, 

and PHCer were selected as yeast ceramides, and their amino derivatives were 

synthesized for covalent immobilization on beads. AminoDHCer (11) was synthesized as 

described in Chapter 3. 

 An aminated derivative of PHCer was synthesized by the introduction of the 

azido acyl chain to phytosphingosine, followed by reduction of the azido group through 

the Staudinger reaction, yielded the desired product 17 (Scheme 4.1). Aminated PHCer 

and DHCer were immobilized on the FG beads, as descried in previous chapters. These 

lipids were incubated with NHS beads, in which the carboxy groups of the FG beads were 

activated as NHS esters, and unreacted NHS ester groups were subsequently blocked with 

aminoethanol. In addition, dodecylamine was immobilized as a negative control (Figure 

4.2). 

 
Scheme 4.1. Synthesis of aminoPHCer 
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Figure 4.2. Structures of ceramide-immobilized beads used in this chapter. 

 

4.3.2 Screening of ceramide-binding proteins from yeast cells 

 Next, screening of ceramide binding proteins from the yeast cell lysates was 

performed using these beads. Each bead was incubated with the lysate, followed by 

collection of the beads through magnetic separation. After washing the beads, the binding 

proteins were subjected to SDS-PAGE separation. Several distinct bands were excised 

(Figure 4.3), and the proteins contained in these bands were identified by proteomic 

analysis (Table S4.1). For each band, proteins with top three Mascot scores are presented 

in Table 4.1, and proteins from control beads were excluded as nonspecific bindings.  
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Figure 4.3. SDS-PAGE separation of ceramide-binding proteins obtained from yeast cell lysate; 

proteins were visualized with silver staining; numbered bands were excised and subjected to LC-

MS/MS analyses; lanes not involved in this experiment have been removed. Bands #4, #5, and 

#6 were analyzed for both PHCer and DHCer, while the other bands were analyzed only for 

DHCer. 

 

Table 4.1. Ceramide-binding protein candidates from each band 

Band Lipid Protein name 
Mascot 

score 
Mass 

Number of 

peptides 

#1 DHCer 

Fumarate reductase 2 98 55202 5 

Exocyst complex component EXO70 83 71534 3 

Sphingosine-1-phosphate lyase 49 66037 2 

#2 DHCer 

Eukaryotic translation initiation factor 3 

subunit A 
198 110333 9 

Aspartate aminotransferase, mitochondrial 151 52219 7 

Cruciform cutting endonuclease 1, 

mitochondrial 
140 41430 5 

#3 DHCer 
Glucose-6-phosphate 1-epimerase 269 34048 12 

NADH-cytochrome b5 reductase 2 185 34174 11 
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Regulator of Ty1 transposition protein 103 134 46517 3 

#4 

PHCer 

Regulator of Ty1 transposition protein 103 96 46517 4 

Pyruvate dehydrogenase E1 component 

subunit alpha, mitochondrial 
82 46712 3 

DHCer 

Regulator of Ty1 transposition protein 103 231 46517 9 

Transcription initiation factor IIB  167 38746 4 

54S ribosomal protein L3, mitochondrial 143 44257 5 

#5 

PHCer 

Transcription initiation factor IIB 93 38746 2 

SRP-independent targeting protein 3 61 21180 2 

Ribonucleoside-diphosphate reductase 

large chain 1 
61 100296 2 

DHCer 

Glyceraldehyde-3-phosphate 

dehydrogenase 1 
194 35842 9 

Transcription initiation factor IIB  115 38746 3 

SRP-independent targeting protein 3  106 21180 4 

#6 

PHCer 

SRP-independent targeting protein 3  190 21180 6 

Mitochondrial phosphate carrier protein 118 32962 4 

Elongation factor 1-gamma 2 74 46605 2 

DHCer 

SRP-independent targeting protein 3  249 21180 9 

Mitochondrial phosphate carrier protein 171 32962 6 

Pyruvate dehydrogenase E1 component 

subunit alpha, mitochondrial 
146 46712 8 

#7 DHCer 

eIF-2-alpha kinase activator GCN1  150 297995 4 

Regulator of Ty1 transposition protein 103  135 46517 3 

SRP-independent targeting protein 3  121 21180 5 

 

4.3.3 Interaction Analysis with Fluorescence Resonance Energy Transfer 

 Using ceramide-immobilized beads, a variety of DHCer- and PHCer-binding 

proteins were identified from yeast lysates. Among the identified proteins, the author 

focused on V-ATPase because three subunits (subunit C, D and H) were specifically 

identified as DHCer-binding proteins (Table S4.1). Notably, ceramide expression levels 

have been reported to influence the activity of V-ATPase,10 further supporting the 
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interaction between V-ATPase and DHCer. To assess this interaction, intermolecular 

FRET was measured between fluorescent DHCer and GFP-tagged V-ATPase. 

 V-ATPase is a multisubunit complex that is localized in the membranes of acidic 

organelles such as vacuoles and lysosomes (Figure 4.4).11, 12 In this study, four subunits 

of V-ATPase: subunit C, D, H and a, were individually tagged with GFP. However, when 

observing vacuolar membranes isolated from yeast, fluorescence from V-ATPase was 

significantly weak for all the subunits except when the GFP-tagged subunit a was 

expressed, probably because the V1 domain detached from the vacuolar membrane. 

Therefore, the interaction analysis was conducted using V-ATPase composed of the GFP-

tagged subunit a. In parallel, fluorescent DHCer and DPPC, labeled with ATTO594, were 

prepared according to the previous reports (Figure 4.5).13, 14 To measure intermolecular 

FRET, the fluorescent lipid probes were introduced to the vacuolar membranes isolated 

from yeast cells, and the decrease in fluorescence intensity of GFP-tagged V-ATPase was 

observed with a fluorescence microscope. As a result, GFP fluorescence intensity was 

significantly decreased in the presence of fluorescent DHCer (Figure 4.6 and Table S4.2), 

compared to fluorescent DPPC and the control sample, where the fluorescent lipids were 

not introduced. 
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Figure 4.4. Structure of V-ATPase.11 The V-ATPase complex is composed of a peripheral domain 

(V1, shown in yellow and orange), which is responsible for ATP hydrolysis, and an integral 

domain (V0, shown in blue and grey), which is involved in proton translocation across the 

membrane. This figure is cited from ref 11 with permission conveyed through Copyright 

Clearance Center, Inc. 

 

 

Figure 4.5. Structure of fluorescent lipid probes used in the FRET analysis. 
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Figure 4.6. Normalized GFP fluorescence intensity in extracted yeast vacuoles. Each 

fluorescence intensity was normalized to the control sample. N > 100 vacuoles were measured for 

each sample. The error bars are SE. *: p < 0.05, **: p < 0.01. 

 

 

4.4 Discussion 

 In this chapter, a screening of ceramide-binding proteins from yeast cells was 

conducted. This study demonstrates that use of yeast cells as the protein source facilitates 

biochemical and genetic analyses, enabling detailed investigations of the interactions 

between the identified proteins and lipids. For the screening, PHCer, an endogenous 

ceramide in yeast cells, was newly immobilized onto beads, along with DHCer beads 

prepared in Chapter 3. As a result, various ceramide-binding proteins, including 

membrane proteins, were identified. Bands #4, #5, and #6 were analyzed for both PHCer 

and DHCer, and the proteins binding to PHCer and DHCer were nearly identical. 

 In Band #1, exocyst complex component (EXO70) was identified, which plays 
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a role in linking secretory vesicles to the plasma membrane.15 It has been reported that 

inhibition of ceramide biosynthesis disrupts the localization of EXO70 at plasma 

membrane buds.16 The current study suggests that EXO70 localizes to ceramide domains 

on the plasma membrane through its interaction with ceramide. SRP-independent 

targeting protein 3 (SND3) was identified at bands #5, #6, and #7. SND3 is predicted to 

have one transmembrane domain and is localized to the endoplasmic reticulum (ER).17 

SND3 targets proteins to the ER via a signal recognition particle (SRP)-independent 

pathway, in cooperation with other SND family proteins.18 The current result suggests 

that SND3 is inserted into ceramide domains in the ER membrane and contribute to SRP-

independent transport in the ER. 

 In the subsequent FRET-based interaction analysis, V-ATPase was selected 

because three of its subunits had been identified as DHCer binding proteins, and it was 

reported that ceramide levels are involved in V-ATPase activity.10 Vacuoles were 

extracted from yeast cells expressing GFP-tagged V-ATPase, and fluorescent lipid probes, 

594negDHCer and 594negDPPC, were introduced. Compared to the control sample 

without lipid introduction, the fluorescent intensity from GFP significantly decreased in 

the presence of DHCer, indicating that intermolecular FRET occurred between GFP-

tagged V-ATPase and 594negDHCer. No significant decrease was observed when 

594negDPPC was introduced. These results suggested that GFP-tagged V-ATPase and 

594negDHCer were localized in close and that V-ATPase interacted specifically with 

DHCer in yeast vacuolar membranes. On the other hand, while ceramide is necessary for 

V-ATPase activity,10 ceramide synthase CERS2 functions as a negative regulator of V-

ATPase.19 It is necessary to quantitatively determine whether this interaction enhances or 

suppresses V-ATPase activity in future studies. 
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4.5 Conclusion 

 A comprehensive analysis of lipid-binding proteins has revealed various lipid-

protein interactions, but the subsequent interaction analysis and functional analysis are 

still challenging. In this chapter, yeast cells, which are well-suited for biochemical and 

genetic analyses, were employed to demonstrate the identification of ceramide-binding 

proteins and the subsequent interaction analysis by FRET. Future studies will involve 

genetic and biochemical assays, such as enzyme activity measurements, to further 

elucidate the physiological roles of lipid-protein interactions. By integrating multi-faceted 

approaches for lipid-protein interaction analysis, a comprehensive analytical platform is 

expected to be established, facilitating the identification of lipid-binding proteins, and 

understanding the physiological significance of lipid-protein interactions. 
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Chapter 5 

A Quantitative Analysis of the Interaction 

between KcsA and Anionic Lipids with 

SPR-based Method 
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Abstract 

 To understand the precise molecular mechanisms by which lipids modulate MP 

structure and function, reliable and efficient approaches for the quantitative analysis of 

lipid-MP interactions are essential. In this chapter, the surface plasmon resonance (SPR)-

based SAMPLIA method was improved by the introduction of single-cycle kinetics 

(SCK) analysis, enabling precise evaluation of binding and dissociation rates for lipids 

with slow dissociation. To demonstrate that this method efficiently evaluates lipid-

membrane protein (MP) interactions, the author performed quantitative analyses of the 

interactions between the potassium channel KcsA and various lipids. Since the KcsA 

channel opening requires both acidic conditions and the presence of anionic lipids, 

phosphatidylglycerol (PG), cardiolipins (CL) and phosphatidic acids (PA) were tested for 

the interaction with KcsA. The analysis revealed that CL exhibits the strongest binding 

affinity to KcsA, even in the absence of the N-terminal M0 helix, a putative lipid binding 

site, indicating the presence of additional binding sites. In contrast, PA and PG primarily 

interact with the M0 helix. Mutation experiments suggested that the additional CL binding 

site was located around two arginine residues in the transmembrane domain. Therefore, 

it was suggested that the interaction of CL with KcsA stabilizes its open state through 

long-range allosteric coupling. These results highlight CL's specific role in modulating 

KcsA gating and provide a platform for the quantitative analysis of lipid-MP interactions.  
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5.1 Introduction 

 A comprehensive analysis of lipid-binding proteins has uncovered various lipid-

membrane protein (MP) interactions in previous chapters. However, the precise 

molecular mechanisms by which lipids modulate MP structure and function remain 

poorly understood, primarily due to the absence of quantitative data on lipid-MP 

interactions. To advance our comprehension of lipid roles, the reliable and efficient 

approaches for the quantitative analysis of lipid-MP interactions is essential. 

 Recently, a surface plasmon resonance (SPR)-based method for quantitative 

analysis of the interactions between MPs and lipids was developed in this laboratory, 

referred to as self-assembled monolayer-assisted MP-lipid interaction analysis 

(SAMPLIA, Figure 5.1).1 SPR is an optical technique that employs a sensor chip coated 

with a thin gold layer (~50 nm). A p-polarized laser directed at the chip causes total 

internal reflection, generating an evanescent electric field that interacts with the medium’s 

dielectric properties. This field excites surface plasmons (SPs), transferring energy from 

the incident light and decreasing its intensity when the SPs resonate with the light. The 

SPR signal is measured at the angle where this intensity is minimized, and changes in the 

signal allow for the analysis of binding kinetics and affinity. The SAMPLIA method is 

characteristic of the surface modification of the SPR sensor chip with a self-assembled 

monolayer (SAM), on which MP is covalently immobilized. SAM allows for more 

efficient immobilization of MPs and provides a partial membranous environment to these 

immobilized MPs. To the MP immobilized on SAM-coated sensor chip, lipids solubilized 

with surfactant are added for interaction analysis. 
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Figure 5.1. SAMPLIA method for lipid-MP interactions.1 Solubilized MPs are covalently 

immobilized onto the SAM-coated sensor chip. Surfactant-solubilized lipid solution is added to 

the immobilized MPs, to detect the binding amount of lipids, and its time-course shows the 

kinetics and affinity of the interaction. 

 

 For a quantitative measurement of lipid-MP interactions, the author employed 

the SAMPLIA method and demonstrated the interaction analysis between anionic lipids 

and KcsA potassium channels,2 which is a homo-tetrameric potassium channel from 

Streptomyces lividans and serves as a model for general potassium channels.3, 4 To fully 

activate the KcsA channel, not only acidic conditions (Figure 5.2a)5-8 but specific 

membrane lipids are necessary. While phosphatidylglycerol (PG) can open the KcsA 

pore,4, 9 PG is not contained in streptomycete membranes,10, 11 leaving the role of 

streptomycete native lipids in channel gating unclear. 

 In this chapter, the SAMPLIA was applied to quantitatively analyze interactions 

between KcsA and anionic lipids. Since the streptomycete membrane contains 

cardiolipins (CL) and phosphatidic acids (PA) as major anionic lipid components,11 these 

lipids were selected for the analysis (Figure 5.2b). Their interactions were evaluated 

using both wild-type KcsA (wt-KcsA) and mutants to estimate the binding site of these 

lipids. In addition to evaluating the interactions between KcsA and anionic lipids, single-
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cycle kinetics (SCK) analysis12 was combined with the SAMPLIA method to improve 

quantitativeness of lipid-MP interaction analysis. 

 

 

Figure 5.2. (a) Gating states of the KcsA channel. The gate does not open at a neutral pH. At an 

acidic pH on the intracellular side, the channel becomes acid-activated; the pH sensor in the 

cytoplasmic domain changes conformation, and the inner gate is ready to open via a global 

twisting motion. Negatively charged lipids in the inner leaflet make the channel fully open via 

binding to the N-terminal amphipathic M0 helix.13 (b) Chemical structures of lipids used in this 

chapter. 
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5.2 Experimental Section 

5.2.1 Materials and Method 

Materials 

All lipids used in this study were purchased from Avanti Polar Lipids (Alabaster, AL, 

USA). The sensor chips for the SPR measurements were purchased from Cytiva (Little 

Chalfont, Buckinghamshire, UK). Any other reagents and materials were all purchased 

from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan), Tokyo Chemical Inc. (Tokyo, 

Japan), or Sigma-Aldrich (St. Louis, MO, USA). M0 mimicking peptide was purchased 

from custom peptide synthesis service of GenScript (Piscataway, NJ, USA). 

 

Preparation of SPR sensor chip and immobilization of KcsA 

The SAM-modified sensor chip was prepared using bare Au sensor chip (SIA Kit Au, 

Cytiva), which was modified with a mixture of 6-mercaptohexanoic acid and 6-

mercaptohexanol (8:2), as previously reported.1 Wt-KcsA, ΔM0-KcsA or ΔM0-KcsA 

with mutated Arg residues (R52Q, R64Q, R89Q, and R64Q/R89Q) solubilized with 

0.06% n-dodecyl-β-D-maltoside (DDM) was immobilized onto SAM-modified sensor 

chip, according to a standard amino coupling method. HBS-EP buffer (10 mM HEPES 

[pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.05 % (v/v) Tween 20) was used as the running 

buffer. Briefly, COOH groups on the surface were activated by injecting a mixture of 390 

mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and 100 mM N-

hydrosuccinimide (NHS) for 7 min, followed by the immobilization of KcsA by injecting 

the solubilized KcsA solution (100 μg mL−1) for 20 min. Unreacted carboxy groups were 

deactivated by injecting the blocking solution (1 M ethanolamine-HCl, pH 8.5) for 7 min, 

at a flow rate of 5 μL min−1. 
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KcsA-lipid interaction analysis 

SPR analyses were carried out at 25.0°C using Biacore T100 system (GE Healthcare, 

Chicago, IL, USA). In all protocols, acidic buffer (10 mM succinic acid [pH 4.0], 200 

mM KCl, 3 mM EDTA, 0.5% (v/v) Tween 20) and neutral buffer (10 mM HEPES [pH 

7.5], 200 mM KCl, 3 mM EDTA, 0.5% (v/v) Tween 20) were used as running buffers. 

Evaluation of KcsA-lipid interactions was made within 2 days after KcsA immobilization. 

 In SPR analysis of wt-KcsA and ΔM0-KcsA, both of acidic buffer and neutral 

buffer were used. Analyte samples were prepared by dissolving dried lipids into the buffer 

at the concentration of 100 μM, and the samples were sonicated prior to use. All 

procedures were automated, using repetitive cycles of sample injection and regeneration. 

The binding assays were performed after three cycles of start-up injections to normalize 

the two flow cells, and just before the injection of lipid solutions, the buffer alone was 

injected in the first two cycles in order to obtain baseline value. Afterward, lipid solutions 

were injected for 180 s at a flow rate of 30 μL min−1, followed by 180 s of dissociation at 

the same flow rate. The surface of the chip was regenerated by three sequential injection 

of regeneration solution (10 mM NaOH, 0.5% (v/v) Tween 20) for 30 s at a flow rate of 

30 μL min−1. 

 SPR analysis of ΔM0-KcsA with mutated Arg residues was performed using 

SCK analysis.12 CL samples at the concentration of 0.3, 1, 3, 10, 30 μM were prepared 

by dissolving the lipids in the acidic buffer. After three cycles of start-up injections to 

normalize the two flow cells, the acidic buffer alone was injected in the first two cycles. 

Subsequently, each lipid solution was injected for 300 s at a flow rate of 30 μL min−1 in 

increasing order of concentration, followed by 6000 s of single dissociation at the same 

flow rate. The surface of the chip was regenerated by three sequential injections of the 



98 

regeneration solution for 60 s at a flow rate of 30 μL min−1. 

 Association and dissociation of lipid molecules were monitored as sensorgrams, 

representing the time-dependent changes. To remove the contribution from non-specific 

binding between SAM and lipids, a blank channel without KcsA immobilization was used 

as a reference, and the response of the reference channel (SAM-lipid interactions) was 

subtracted from that of the sample channel. The evaluation of interactions was performed 

using BiaEvaluation software (Cytiva). Kinetic parameters were extracted by a local fit 

of the corrected sensorgrams and by a global fit in SCK, using a 1:2 heterogeneous ligand 

binding model.14, 15 For more description on the heterogeneous binding model, see Table 

S5.1 caption. The correlations of the fitting were evaluated using χ2 analyses and residual 

plots. 

 

M0 peptide-membrane interaction analysis 

Liposome immobilization on the dodecylamine-modified sensor chip was performed as 

previously reported.16 DOPC (5.0 mg, 6.4 μmol) and 0.71 μmol of DOPG, DOPA, or 

tetraC18:1 CL were mixed in MeOH/CHCl3, dried under N2 gas flow, and suspended in 

1 mL of acidic buffer (10 mM succinic acid [pH 4.0], 200 mM KCl, 3 mM EDTA), to 

prepare multilamellar vesicles (MLVs). The MLV suspension was extruded through 200 

nm, and then 100 nm polycarbonate membranes (LiposoFast Liposome Factory, Sigma-

Aldrich, St. Louis, MO, USA) (21 passes for each type of membrane), to prepare 100 nm 

large unilamellar vesicles (LUVs). The LUV solution was then diluted with the buffer 

used, to prepare 1 mM LUV solution. The following measurements were performed at 

25.0°C on a Biacore T100 system. LUV solution was injected for 40 min over flowcell 

on the dodecylamine-modified sensor chip at 2 μL min−1 to immobilize LUV onto the 
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chip surface, and washed with 50 mM NaOH solution for 3 times at a flow rate of 20 μL 

min−1 to remove immobilized LUV. The amount of immobilized LUV was recorded after 

10 min of signal stabilization. Afterward, the peptide solution (10 μg mL−1) was injected 

for 300 s at a flow rate of 10 μL min−1, followed by 300 s of dissociation at the same flow 

rate. The surface of the chip was regenerated by two sequential injections of 0.5% (w/v) 

SDS for 120 s and 50 mM NaOH/2-propanol (3/2, v/v) at a flow rate of 20 μL min−1. To 

remove the contribution from non-specific binding of the peptide to the chip surface, a 

blank channel without liposome was used as a reference, and the response of the reference 

channel was subtracted from that of the sample channel. The kinetic parameters were 

extracted by a local fit of the corrected sensorgrams using a 1:1 interaction (Langmuir 

interaction), performed by BiaEvaluation software (Cytiva). 

 

 

5.3 Result 

5.3.1 CL interacts more strongly than PG and PA with KcsA 

 KcsA was immobilized on SAM-modified sensor chips at approximately 3000 

resonance units, allowing for clear observation of interactions between KcsA and lipid 

molecules.1 To validate the SAMPLIA method, the interaction between PG and wt-KcsA 

was evaluated. Since KcsA adopts an acid-activated state at acidic pH and a resting state 

at neutral pH, both acidic and neutral buffers were used in the analysis. Sensorgrams were 

recorded upon initiating lipid perfusion and fitted to a 1:2 heterogeneous ligand binding 

model,14, 15 assuming lipid binding to KcsA at two distinct sites. The analysis provides 

two association constants (KA) and corresponding two sets of association and dissociation 

rate constants (kon and koff). The bindings with smaller kon were considered to be non-
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specific and hydrophobic, as kon should generally be at least approximately ~103 if a 

protein recognizes and binds to a molecule.17-19 Therefore, the author focused on the KA 

values derived from larger kon values in the subsequent experiments. Further verification 

of this treatment for the two KA values is given in the supplementary information. 

 The SAMPLIA method revealed that PG binds to wt-KcsA more strongly at pH 

4.0 than at pH 7.5 (Figures 5.3). On the other hand, the interaction between wt-KcsA and 

PC was not sensitive to the pH change (Figure 5.3). This result is consistent with previous 

studies showing that the KcsA channel opens in the presence of PG at acidic pH,13, 20, 21 

confirming that the SAMPLIA method can effectively evaluate KcsA-lipid interactions. 

 Subsequently, the author assessed the interaction of wt-KcsA with PA and CL, 

which are key components of streptomyces membranes. PA exhibited significantly 

stronger binding to wt-KcsA at pH 4.0 compared to pH 7.5, with a markedly higher 

affinity for wt-KcsA than PC at pH 4.0 (Figures 5.3). In contrast, CL displayed a notable 

difference in its affinity for KcsA under acidic versus neutral conditions. CL showed an 

exceptionally high affinity for acid-activated KcsA at pH 4.0. At pH 7.5, CL and other 

anionic lipids exhibited binding similar to that of PC, suggesting less specific interactions 

with resting-state KcsA. The remarkably high affinity of CL for KcsA at pH 4.0 indicates 

the presence of a specific binding site for CL in the acid-activated form of KcsA. This 

was corroborated by kinetic data (Table S5.2), which showed that CL dissociates more 

slowly from the binding site at pH 4.0 compared to other monoanionic lipids. 
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Figure 5.3. (a) SPR sensorgrams showing the interactions of PG, PC, PA, and CL with wt-KcsA 

immobilized on the C6-SAM modified sensor chip; 100 μM of the lipids dissolved in acidic buffer 

(pH 4.0) were injected at a flow rate of 30 μL min−1. Colored lines indicate experimentally 

obtained sensorgrams, while black lines indicate fitted curves. (b) the affinity of PG, PA, CL, and 

PC toward wt-KcsA in acidic (pH 4.0) and neutral (pH 7.5) buffers, calculated from the 

sensorgrams by fitting to a 1:2 heterogeneous ligand binding model, as listed in Table S5.1. 

Asterisks denote statistical significance (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 

 

5.2.2 CL binds to an alternative site other than the M0 helix 

 Previous studies have indicated that the M0 helix plays a key role in sensing 

monoanionic phospholipids, such as PG, within the membrane and facilitates the 

transition to the open conformation of KcsA.13 To examine the contribution of the M0 

helix to the high-affinity binding of dianionic CL, an M0 helix-deleted mutant of KcsA, 

ΔM0-KcsA (Figure 5.4a), was analyzed for the interaction with the lipids. Consequently, 

CL bound tightly to ΔM0-KcsA, with the KA value comparable to that of wt-KcsA 

(Figures 5.4b and 5.4c). In contrast, binding of PA and PG to ΔM0-KcsA was 

significantly weaker than that to wt-KcsA (p < 0.001) (Figures 5.4b and 5.4c). These 

findings suggest that CL binds to an additional site apart from the M0 helix, while the M0 

helix is primarily responsible for binding PA and PG. On the other hand, no significant 

difference was observed in PC binding between wt-KcsA and ΔM0-KcsA (Figures 5.4b 

and 5.4c), indicating that PC binds less specifically to KcsA without interacting with the 
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M0 helix. 

 

Figure 5.4. (a) Location of deletion on KcsA. ΔM0-KcsA is the mutant in which the N-terminal 

M0-helix domain was truncated (purple line). (b) SPR sensorgrams showing the interactions of 

PG, PA, CL, and PC with ΔM0-KcsA immobilized on the C6-SAM modified sensor chip; 100 

μM of the lipids dissolved in acidic buffer (pH 4.0) were injected at a flow rate of 30 μL min−1. 

Colored lines indicate experimentally obtained sensorgrams, while black lines indicate fitted 

curves. (c) Affinity of PG, PA, CL, and PC toward wt-KcsA and ΔM0-KcsA in acidic buffer (pH 

4.0). Each affinity was calculated from the sensorgrams by fitting to a 1:2 heterogeneous ligand 

binding model, as listed in Table S5.3. Asterisks denote statistical significance (∗∗∗p < 0.001). 

 

 Then, the involvement of the M0 helix in CL binding was investigated using an 

M0 helix-mimicking peptide (Figure 5.5a). In this experiment, liposomes containing 

anionic lipids were immobilized on an SPR sensor chip modified with an alkyl chain 

(Figure 5.5b),16 and their interaction with the peptide was assessed. Although various 

methods for immobilizing lipid molecules on sensor chips, such as biotin-tagged lipids, 

exist, liposome immobilization was chosen for this study as a more appropriate method, 

because the M0 domain likely interacts with lipid molecules within the bilayer, as shown 
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in Figure 5.2a. Figure 5.5c presents the resulting sensorgrams, which, strangely enough, 

began to decrease during the association phase (up to 300 s), making it impossible to fit 

the data to theoretical curves. This is likely because the M0 peptide affected the 

immobilized liposomes, causing them to detach from the sensor chip surface. Nonetheless, 

the data confirmed that the M0 peptide strongly bound to CL, to a similar extent as 

monoanionic lipids PG and PA (Figure 5.5c). These results clearly demonstrate that CL 

interacts with acid-activated KcsA at multiple sites, including the M0 helix, while PA and 

PG primarily bind to the M0 helix. 

 

Figure 5.5. (a) Amino acid sequence of wild type M0 peptide. (b) Procedure for analyzing the 

interaction.16 Dodecylamine was coupled with COOH group on the CM5 sensor chip via a 

conventional amine coupling method. Next, 100 nm LUV solution was injected to be immobilized 

onto the chip surface. Then the peptide aqueous solution was added to the immobilized liposomes 

and their interactions were analyzed. (c) Sensorgrams indicating the interaction of M0 peptide to 

pure PC, PG/PC (1:9), PA/PC (1:9), and CL/PC (1:9) membranes in acidic buffer (pH 4.0). 
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5.3.3 CL binds to Arg residues in the extracellular surface of KcsA 

 SPR experiments demonstrated that CL binds not only to the M0 helix but also 

to multiple sites on KcsA. CL is a divalent anion with two phosphate groups, located near 

the membrane interface (Figure 5.2b). Consequently, the author focused on two 

positively charged residues (Arg64 and Arg89) located at the outer membrane interface 

of the transmembrane domain (TMD) and facing the inter-subunit space (Figure 5.6). 

These residues were previously reported to interact with PA,22 and it was hypothesized in 

this study that they also serve as counterparts for specific CL binding. To prove this, 

SAMPLIA analysis was performed on R52Q, R64Q, and R89Q mutants with CL. These 

mutations were introduced into ΔM0-KcsA to eliminate the effect of the interaction 

between CL and the M0 helix. 

 

Figure 5.6. The positions of Arg52 (green), Arg64 (red) and Arg89 (blue) in KcsA (Protein Data 

Bank ID 6by3). All of the three residues are located at the outer membrane interface (extracellular 

side) of the TMD, while Arg64 and Arg89 also face the inter-subunit space. 

 

 To achieve a more detailed quantitative analysis of lipid-protein interactions, the 

author introduced SCK analysis, which is a continuous measurement of binding and 

dissociation at multiple concentrations in a single cycle without the need for sensor chip 

regeneration.12 SCK analysis is advantageous for samples with slow dissociation rates 

and challenging regeneration, making it suitable for evaluating the CL-KcsA interaction. 
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The SCK-combined SAMPLIA analysis was applied with five concentrations of CL (0.3–

30 μM) and ΔM0-KcsA with mutated Arg residues. To reliably assess slow dissociation, 

a long dissociation time of 6000 s was set. The result showed that mutations at Arg64 

and/or Arg89 significantly reduced the affinity for CL (Figure 5.7 and TableS5.4). In 

contrast, mutation at Arg52, located at the outer membrane interface of the TMD (Figure 

5.6), slightly increased the binding affinity for CL (Figure 5.7b). These results suggest 

that CL selectively interacts with Arg64 and Arg89 and may open the inner gate located 

in the intracellular half of the TMD via long-range allosteric coupling. 

 

 
Figure 5.7. (a) SPR sensorgrams showing the interactions of CL with KcsA mutants in SCK 

analysis.12 The CL solutions with the concentration of 0.3, 1, 3, 10, 30 μM were injected for 300 

s at a flow rate of 30 μL min−1 in increasing order of concentration. Colored lines indicate 
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experimentally obtained sensorgrams, while black lines indicate fitted curves. (b) Affinity of CL 

toward KcsA mutants in acidic buffer (pH 4.0). Each affinity was calculated from the sensorgrams 

by fitting to a 1:2 heterogeneous ligand binding model, as listed in Table S5.4. SE was calculated 

by χ2 analyses and residual plots. 

 

 

5.4 Discussion 

 In this chapter, the quantitative analysis of the interactions between KcsA and 

anionic lipids was demonstrated using the SAMPLIA method. Regarding the direct 

effects of anionic lipids on KcsA, two modes of interaction have been proposed: one 

involves electrostatic interactions between anionic lipids and the N-terminal M0 helix,13 

while the other involves interactions between anionic lipids and the inter-subunit groove 

on the extracellular surface of KcsA.23-29 

 Due to the inherent disorder of the M0 helix, either its conformation or its 

specific binding to lipids has not been revealed.3, 26 This study demonstrates that the M0 

helix serves as the primary binding site for anionic lipids (Figure 5.8), with PG and PA 

preferentially binding to it (Figure 5.4). However, crystal structures and NMR show that 

PG and PA also bind to the extracellular inter-subunit groove of KcsA.4, 9, 22 The KA values 

for PA and PG to ΔM0-KcsA, around 105, (Figure 5.4) indicate that while these lipids 

can bind to the groove, the interaction is significantly weaker. These findings show that, 

although PG and PA may bind to the groove in a less specific manner, as observed in 

NMR and crystal structures, their primary binding site is the M0 helix, and their action 

on KcsA is mediated through this binding. This is consistent with previous findings 

showing that PG in the outer membrane does not affect channel function.13 

 In contrast, CL bound to KcsA with significantly stronger affinity compared to 

monoanionic lipids, and this strong binding was also maintained in the ΔM0-KcsA mutant 
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(Figure 5.4), suggesting that the groove within the TMD could serve as an alternative 

binding site for CL (Figure 5.8). Subsequent analysis of ΔM0-KcsA with Arg mutation 

suggested that CL binds more readily to Arg64 and Arg89 at the outer membrane interface 

of the TMD in the open conformation (Figure 5.7), shifting the equilibrium toward the 

open state and exerting its allosteric effect. This conformation-dependent binding of CL 

is partly supported by the finding that CL binds more selectively to acid-activated KcsA 

(pH 4.0) compared to resting-state KcsA (pH 7.5), while the selectivity of PA and PG for 

the acid-activated state is less pronounced (Figure 5.3). 

 Here, the author refers to the SAMPLIA method, which is characterized by the 

use of SAM.1 The hydrophobic nature of the SAM-modified sensor chip allows for the 

efficient immobilization of KcsA and is expected to provide a partially membranous 

environment for the immobilized KcsA molecules. The combination with SCK analysis 

enables the interaction analysis of samples with slow dissociation and difficult 

regeneration, such as the CL-KcsA interaction, effectively eliminating non-specific 

interactions and providing reliable quantitative data. This approach can address a variety 

of lipid-MP interactions and contribute to a deeper understanding of the interactions 

identified in previous chapters. 
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Figure 5.8. The interactions of mono- and dianionic lipids with KcsA stabilize its open state. 

Monoanionic lipids, including PA and PG, primarily bind to the M0 helix and open the inner gate 

(top). CL interacts with acid-activated KcsA not only at the M0 helix but also at the outer 

membrane interface of the TMD (bottom). The latter interaction of CL may open the inner gate 

located in the intracellular half of the TMD through long-range allosteric coupling. 
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5.5 Conclusion 

 The conclusion of this chapter is that the high-affinity binding of CL to ΔM0-

KcsA suggests the presence of an additional binding site for CL, selectively recognizing 

dianions. This site is likely located in the groove, where dianionic CL interacts with 

multiple arginine residues (Arg64 and Arg89) in adjacent subunits. In contrast, the M0 

helix serves as a binding site for both mono- and dianionic lipids via simple electrostatic 

interactions. These mechanistic views will be examined in future. Furthermore, the 

quantitative methodology developed in this study, which combines SAMPLIA and SCK 

analysis followed by physiological evaluation, provides a solid foundation for 

investigating the biological roles of various membrane lipids on MPs. 
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 In this doctoral thesis, to elucidate the roles of membrane lipids in regulating the 

structure and activity of membrane proteins (MPs), the author developed a methodology 

for the comprehensive analysis of lipid-MP interactions using lipid-immobilized beads. 

 In Chapter 1, the author explained the research background on lipid-membrane 

protein interactions and the current status of the field. 

 In Chapter 2, the author developed lipid-immobilized beads for the 

identification of lipid-binding MPs. Sphingolipids: sphingomyelin and ceramide were 

immobilized to demonstrate the utility of the beads. Following the confirmation of their 

utility through various experiments, a screening for lipid-binding proteins from cell 

lysates was performed. As a result, the author succeeded in preparing detergent-tolerant 

and membrane-mimetic lipid-immobilized beads. 

 In Chapter 3, the author conducted a more comprehensive identification of 

lipid-binding MPs. To achieve a comprehensive analysis, the bead-based method was 

enhanced in three aspects: 1) in-depth proteomics without SDS-PAGE separation, 2) the 

incorporation of Gene Ontology enrichment analysis, and 3) the extension of lipid-

immobilized bead variations. This approach successfully identified over 7000 lipid-

binding proteins. Filtering based on fold-change values and subsequent enrichment 

analysis revealed distinct binding protein profiles for each lipid, highlighting the 

functional diversity of lipid-MP interactions and their roles in cellular processes. 

 In Chapters 4 and 5, the author tried to extend this approach by the subsequent 

interaction analysis and functional analysis. In Chapter 4, the use of yeast cells, which 

facilitate genetic and biochemical approaches, enabled easier investigations into the 

physiological roles of the identified lipid-protein interactions. Yeast-derived ceramide 

species were immobilized on beads, and a screening for binding proteins was conducted. 
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As a result, vacuolar-type ATPase (V-ATPase) was identified as one of the 

dihydroceramide (DHCer)-binding protein candidates. The specific interaction between 

DHCer and V-ATPase was confirmed by fluorescence resonance energy transfer (FRET), 

further suggesting a regulatory role for ceramide in V-ATPase activity. In Chapter 5, the 

surface plasmon resonance (SPR)-based SAMPLIA method was improved by the 

incorporation of single-cycle kinetics analysis. To demonstrate the efficiency of this 

method in evaluating lipid- MP interactions, the author conducted quantitative analyses 

of the interactions between the potassium channel KcsA and various lipids, and between 

KcsA mutants and cardiolipin. As a result, it was suggested that cardiolipin interacts with 

two Arg resides located at the outer membrane interface of the KcsA transmembrane 

domain, stabilizing the open state through long-range allosteric effects. This SPR-based 

method provides a platform for the quantitative analysis of lipid-MP interactions. 

 Diverse lipids regulate MP function through interactions. However, the details 

of how lipid-MP interactions regulate MPs remain unknown, and the significance of lipid 

diversity remains a mystery. To investigate this regulation, lipid-MP interaction analysis 

is required, but methods are limited, especially for analyzing lipid-binding MPs. In this 

thesis, the author developed a comprehensive and systematic approach to identify lipid-

binding MPs using high-density lipid-immobilized beads. This method facilitates 

comprehensive and integrated studies of lipid-MP interactions, advancing our 

understanding of lipid-mediated MP regulation. In the future, applying this methodology 

to a broader range of lipid species may elucidate the physiological roles of lipid diversity. 

Furthermore, it is hoped that integrating multi-faceted approaches, such as interaction and 

functional analyses, will establish a comprehensive and systematic platform that 

accelerates the understanding of lipid functions and lipid-protein interactions.  
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S1. Supplementary Methods for Synthesis of Lipid Derivatives 

General 

EggSM was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Sphingosine was 

purchased from Toronto Research Chemicals (Toronto, Canada). All other reagents were 

all purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan), Tokyo 

Chemical Inc. (Tokyo, Japan), Nacalai Tesque Inc. (Kyoto, Japan), or Sigma-Aldrich (St. 

Louis, MO, USA). Thin-layer chromatography was performed on Merck precoated silica 

gel 60 F-254 plates, which were visualized by UV irradiation (254 nm) or staining with 

anisaldehyde/sulfuric acid. 1H NMR spectra were obtained on a Bruker Ascend 500 (500 

MHz) spectrometer and a JEOL ECA 600 (600 MHz) spectrometer. High-resolution mass 

spectra (HRMS) of synthetic compounds were acquired on a Bruker micrOTOF II ESI-

TOF mass spectrometer. 

 

Synthesis of 16-azidohexadecanoic acid (1) 

To a solution of 16-bromohexadecanoic acid (394 mg, 1.18 mmol) in DMF (5 mL) was 

added NaN3 (115 mg, 1.76 µmol). The reaction mixture was stirred at room temperature 

overnight and then extracted with ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. Purification by silica gel column 

chromatography (hexane/ethyl acetate 3:1 v/v) afforded a colorless solid (310.8 mg, 1.05 

mmol, 89%). Rf = 0.22 (3/1 hexane/ethyl acetate, v/v), 1H NMR (600 MHz, CDCl3): δ 

3.25 (t, J = 7.2 Hz, 2H), 2.34 (t, J = 7.6 Hz, 2H), 1.65-1.57 (m, 4H), 1.37-1.25 (m, 22H), 

HRMS (m/z): [M + H]+ calcd for C16H31N3NaO2
+, 320.2308; found, 320.2313. 

 

Synthesis of 16-azidohexadecanoic acid 4-nitrophenyl ester (2) 
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To a solution of the azidoacylacid (1) (29.7 mg, 99.8 µmol) in CH2Cl2 (2 mL) were added 

p-nitrophenol (20.9 mg, 150 µmol) and EDC·HCl (28.8 mg, 150 µmol). The reaction 

mixture was stirred at room temperature for 17 h and then extracted with CHCl3. 

Purification by silica gel column chromatography (hexane/ethyl acetate 10:1 v/v) 

afforded a colorless solid (23.6 mg, 55.9 µmol, 56%). Rf = 0.39 (10/1 hexane/ethyl acetate, 

v/v), 1H NMR (600 MHz, CDCl3): δ 8.27 (d, J = 12.6 Hz, 2H), 7.27 (d, J = 12.6 Hz, 2H), 

3.25 (t, J = 8.6 Hz, 2H), 2.59 (t, J = 9.1 Hz, 2H), 1.78-1.74 (m, 2H), 1.62-1.57 (m, 2H), 

1.40-1.26 (m, 22H), HRMS (m/z): [M + Na]+ calcd for C22H34N4NaO4
+, 441.2472; found, 

441.2483. 

 

Synthesis of lysoSM (3) 

A solution of egg sphingomyelin (50.4 mg, 71.7 µmol) in hydrochloric acid methanolic 

solution (0.5M, 2.5 mL) was stirred at 50°C for 2 days and then the solvent was removed 

by evaporation. Purification by silica gel column chromatography 

(CHCl3/MeOH/NH4OH 4:6:1 v/v) afforded a colorless solid (13.4 mg, 28.8 µmol, 40%). 

Rf = 0.14 (65/35/8 CHCl3/MeOH/NH4OH, v/v), 1H NMR (600 MHz, CD3OD): δ 5.81-

5.76 (m, 1H), 5.39 (q, J = 7.3 Hz, 1H), 4.51 (s, 1H), 4.18 (q, J = 6.2 Hz, 3H), 4.06-3.90 

(m, 2H), 3.56 (t, J = 4.5 Hz, 2H), 3.13 (s, 9H), 2.01 (q, J = 6.9 Hz, 2H), 1.33-1.19 (m, 

24H), 0.80 (t, J = 6.9 Hz, 3H), HRMS (m/z): [M + H]+ calcd for C23H50N2O5P
+, 465.3452; 

found, 465.3479. [M + Na]+ calcd for C23H49N2NaO5P
+, 487.3271; found, 487.3300. 

 

Synthesis of azidoSM (4) 

To a mixture of the lysoSM (3) (13.4 mg, 28.8 µmol) dissolved in CH2Cl2 (1 ml) and 

triethylamine (6.0 µL, 43.3 µmol) was added 16-hexadecanoic acid 4-nitrophenyl ester 
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(2) (18.1 mg, 43.3 µmol). The reaction mixture was stirred at room temperature for 1 day 

and then extracted with CHCl3. Purification by silica gel column chromatography 

(CHCl3/MeOH/NH4OH 65:35:3 v/v) afforded a colorless solid (16.2 mg, 21.6 µmol, 

75%). Rf = 0.20 (65/35/3 CHCl3/MeOH/NH4OH, v/v), 1H NMR (600 MHz, CD3OD): δ 

5.64 (td, J = 14.4, 6.9 Hz, 1H), 5.38 (q, J = 7.6 Hz, 1H), 4.23 (d, J = 27.5 Hz, 2H), 4.05-

3.88 (m, 3H), 3.57 (d, J = 2.7 Hz, 2H), 3.15 (s, 9H), 2.19-2.07 (m, 2H), 1.94 (d, J = 34.4 

Hz, 2H), 1.51 (q, J = 7.1 Hz, 4H), 1.23-1.22 (m, 48H), 0.83 (t, J = 6.9 Hz, 3H), HRMS 

(m/z): [M + Na]+ calcd for C39H78N5NaO6P
+, 766.5582; found, 766.5567. 

 

Synthesis of aminoSM (5) 

To a solution of the azidoSM (4) (16.2 mg, 21.8 µmol) in DMF (1 mL) were added 

triphenyl phosphine (17.1 mg, 65.3 µmol) and water (100 µL). The reaction mixture was 

stirred at room temperature for 2 days and then extracted with CHCl3. Purification by 

silica gel column chromatography (CHCl3/MeOH/NH4OH 1:1:0.2 v/v) afforded a 

colorless solid (5.2 mg, 7.2 µmol, 33%) as a white solid. Rf = 0.26 (1/1/0.2 

CHCl3/MeOH/NH4OH, v/v), 1H NMR (600 MHz, CD3OD): δ 5.70-5.66 (m, 1H), 5.42 (q, 

J = 7.6 Hz, 1H), 4.35-4.25 (m, 2H), 4.10-3.89 (m, 3H), 3.61 (t, J = 4.5 Hz, 2H), 3.20 (s, 

9H), 2.74 (t, J = 7.6 Hz, 2H), 2.20-2.12 (m, 2H), 2.01 (d, J = 5.2 Hz, 2H), 1.57-1.18 (m, 

48H), 0.88 (t, J = 7.2 Hz, 3H), HRMS (m/z): [M + H]+ calcd for C39H81N3O6P
+, 718.5858; 

found, 718.5929. 

 

Synthesis of azidoCer (6) 

To a solution of D-erythro-sphingosine (10 mg, 33.4 µmol) in CH2Cl2/DMF (2:1, v/v, 2 

mL) were added 16-hexadecanoic acid 4-nitrophenyl ester (2) (21.0 mg, 50.0 µmol) and 
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triethylamine (7.0 µL, 50.0 µmol). The mixture was stirred at room temperature for 1 day 

and then extracted with CHCl3. Purification by silica gel column chromatography 

(CHCl3/MeOH 30:1 v/v) afforded a colorless solid (12.6 mg, 13.0 µmol, 39%). Rf = 0.28 

(30/1 CHCl3/MeOH, v/v), 1H NMR (600 MHz, CDCl3): δ 6.24 (d, J = 7.6 Hz, 1H), 5.79-

5.75 (m, 1H), 5.52 (dd, J = 15.8, 6.2 Hz, 1H), 4.31 (d, J = 4.1 Hz, 1H), 3.96-3.88 (m, 2H), 

3.70-3.63 (m, 1H), 3.24 (t, J = 7.2 Hz, 2H), 2.21 (q, J = 7.1 Hz, 2H), 2.06-2.00 (m, 2H), 

1.65-1.56 (m, 6H), 1.39-1.24 (m, 44H), 0.86 (t, J = 6.9 Hz, 3H), HRMS (m/z): [M + Na]+ 

calcd for C34H66N4NaO3
+, 601.5027; found, 601.5020. 

 

Synthesis of aminoCer (7) 

To a solution of the azidoCer (6) (12.6 mg, 21.8 µmol) in THF (1 mL) were added 

triphenyl phosphine (17.1 mg, 65.3 µmol) and water (20 µL). The reaction mixture was 

stirred at room temperature for 2 days and then extracted with CHCl3. Purification by 

silica gel column chromatography (CHCl3/MeOH/NH4OH 40:20:4 v/v) afforded a 

colorless solid (5.8 mg, 10.5 µmol, 48%) as a white solid. Rf = 0.39 (40/20/4 

CHCl3/MeOH/NH4OH, v/v), 1H NMR (600 MHz, CDCl3): δ 6.27 (d, J = 6.9 Hz, 1H), 

5.79-5.74 (m, 1H), 5.52 (dd, J = 15.5, 6.5 Hz, 1H), 4.29 (s, 1H), 3.95-3.88 (m, 2H), 3.68 

(dd, J = 11.7, 3.4 Hz, 1H), 2.66 (t, J = 7.2 Hz, 2H), 2.23-2.16 (m, 2H), 2.06-1.99 (m, 2H), 

1.63 (q, J = 7.3 Hz, 4H), 1.42-1.24 (m, 44H), 0.86 (t, J = 6.9 Hz, 3H), HRMS (m/z): [M 

+ H]+ calcd for C34H69N2O3
+, 553.5303; found, 553.5353. 

 

Synthesis of aminoDHSM (8) 

A solution of azidoSM (4) (2.8 mg, 3.8 µmol) in MeOH (1.0 mL) was stirred under 

hydrogen with Pd/C (1.1 mg) at room temperature for 2 days and then filtered through 
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Celite. Concentration in vacuo yielded a colorless solid (2.5 mg, 3.5 µmol, 92%). 1H-

NMR (600 MHz, CD3OD) δ 4.30 (d, J = 26.8 Hz, 2H), 4.11-4.11 (m, 1H), 3.96-3.84 (m, 

2H), 3.66-3.60 (m, 2H), 3.23 (s, 9H), 2.99-2.85 (m, 2H), 2.27-2.19 (m, 2H), 1.65-1.59 (m, 

4H), 1.42-1.28 (m, 48H), 0.89 (t, J = 6.9 Hz, 3H), HRMS (m/z): [M + H]+ calcd for 

C39H83N3O6P
+, 720.6014; found, 720.5940. 

 

Synthesis of dihydrosphingosine (9) 

A solution of C18 dihydroceramide (11.2 mg, 19.7 µmol) in CH3Cl/MeOH (4/1, v/v, 5.0 

mL) and hydrochloric acid (12 M, 0.12 mL) was stirred at 50°C overnight and then the 

solvent was removed by evaporation. Purification by silica gel column chromatography 

(CHCl3/MeOH 4:1 v/v) afforded a colorless solid (2.28 mg, 7.5 µmol, 38%). Rf = 0.22 

(4/1 CHCl3/MeOH, v/v), 1H-NMR (600 MHz, CD3OD) δ 3.63 (dd, J = 11.0, 4.1 Hz, 1H), 

3.42-3.35 (m, 2H), 2.63-2.60 (m, 1H), 1.48-1.44 (m, 2H), 1.34-1.19 (m, 26H), 0.80 (t, J 

= 7.2 Hz, 3H), HRMS (m/z): [M + H]+ calcd for C18H40NO2
+, 302.3054; found, 302.3059. 

[M + Na]+ calcd for C18H39NNaO2
+, 324.2873; found, 324.2879. 

 

Synthesis of azidoDHCer (10) 

To a mixture of the dihydrosphingosine (9) (2.3 mg, 7.6 µmol) dissolved in CH2Cl2/DMF 

(1:2, v/v, 1.5 mL) and triethylamine (3.2 µL, 22.8 µmol) was added 16-

azidohexadecanoic acid 4-nitrophenyl ester (2) (4.8 mg, 11.4 µmol). The reaction mixture 

was stirred at room temperature for 1 day and then extracted with CHCl3. Purification by 

silica gel column chromatography (CHCl3/MeOH 20:1 v/v) afforded a colorless solid (3.2 

mg, 5.5 µmol, 72%). Rf = 0.71 (30/1 EtOAc/MeOH, v/v), 1H-NMR (600 MHz, CDCl3) δ 

6.32 (d, J = 6.9 Hz, 1H), 4.14 (qd, J = 5.3, 2.7 Hz, 1H), 3.92 (d, J = 8.9 Hz, 2H), 3.75 (s, 
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1H), 3.62 (s, 1H), 3.57 (s, 1H), 3.25 (t, J = 7.2 Hz, 2H), 2.23 (t, J = 7.6 Hz, 2H), 1.62 (qd, 

J = 14.9, 7.7 Hz, 4H), 1.53-1.45 (m, 2H), 1.36-1.25 (m, 48H), 0.88 (t, J = 6.9 Hz, 3H), 

HRMS (m/z): [M + Na]+ calcd for C34H68N4NaO3
+, 603.5184; found, 603.5265. 

 

Synthesis of aminoDHCer (11) 

To a solution of the azidoDHCer (10) (3.2 mg, 5.5 µmol) in CH2Cl2/DMF (1:2, v/v, 1.5 

mL) were added tris(2-carboxyethyl)phosphine hydrochloride (4.8 mg, 16.5 µmol) and 

water (200 µL). The reaction mixture was stirred at room temperature for 1 days and then 

extracted with ethyl acetate. Purification by silica gel column chromatography 

(CHCl3/MeOH/NH4OH 75:25:3 v/v) afforded a colorless solid (1.0 mg, 1.8 µmol, 33%) 

as a white solid. Rf = 0.15 (10/1 CHCl3/MeOH, v/v), 1H-NMR (600 MHz, CDCl3) δ 3.99 

(s, 1H), 3.71-3.57 (m, 2H), 3.47-3.43 (m, 1H), 2.57 (t, J = 7.2 Hz, 2H), 2.12 (t, J = 7.6 Hz, 

2H), 1.59-1.37 (m, 6H), 1.21-1.17 (m, 48H), 0.79 (t, J = 6.9 Hz, 3H), HRMS (m/z): [M + 

H]+ calcd for C34H71N2O3
+, 555.5459; found, 555.5522. 

 

Synthesis of 3β-hydroxy-Δ5-cholenic acid 4-nitrophenyl ester (12) 

To a solution of the 3β-hydroxy-Δ5-cholenic acid (45.7 mg, 122 µmol) in CH2Cl2 (0.5 

mL) were added p-nitrophenol (32.2 mg, 231 µmol) and EDC·HCl (40.2 mg, 210 µmol). 

The reaction mixture was stirred at room temperature for 20 h and then extracted with 

ethyl acetate. Purification by silica gel column chromatography (CHCl3/MeOH 10:1 v/v) 

afforded a colorless solid (20.0 mg, 40.3 µmol, 33%). Rf = 0.28 (10/1 CHCl3/MeOH, v/v), 

1H NMR (500 MHz, CDCl3): δ 8.27 (d, J = 9.2 Hz, 2H), 7.27 (d, J = 9.0 Hz, 2H), 5.35 (t, 

J = 5.2 Hz, 1H), 3.57-3.50 (m, 1H), 2.68-2.62 (m, 1H), 2.55-2.49 (m, 1H), 2.32-2.21 (m, 

2H), 2.05-1.83 (m, 6H), 1.64-1.42 (m, 6H), 1.37-0.91 (m, 15H), 0.70 (s, 3H), HRMS 
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(m/z): [M + H]+ calcd for C30H42NO5
+, 496.3058; found, 496.3054. 

 

Synthesis of aminoChol (13) 

To a solution of 3β-hydroxy-Δ5-cholenic acid 4-nitrophenyl ester (12) (20.0 mg, 40.3 

µmol) in CH2Cl2/DMF (2:1, v/v, 0.3 mL) were added ethylenediamine (26.8 µL, 40.3 

µmol) and triethylamine (6.0 µL, 50.6 µmol). The mixture was stirred at room 

temperature for 1 day and then extracted with CHCl3. Purification by silica gel column 

chromatography (CHCl3/MeOH NH4OH 8:2:0.5 v/v) afforded a colorless solid (5.4 mg, 

12.9 µmol, 32%). Rf = 0.39 (8/2/0.5 CHCl3/MeOH NH4OH v/v), 1H NMR (500 MHz, 

CD3OD): δ 5.33 (d, J = 5.3 Hz, 1H), 3.43-3.35 (m, 3H), 3.02 (t, J = 6.1 Hz, 2H), 2.32-

2.10 (m, 4H), 2.06-1.75 (m, 6H), 1.65-1.40 (m, 6H), 1.36-1.30 (m, 2H), 1.22-0.91 (m, 

13H), 0.72 (s, 3H), HRMS (m/z): [M + H]+ calcd for C26H45N2O2
+, 417.3476; found, 

417.3481. 

 

Synthesis of azidoPC (14) 

To a solution of the 16:0 lysoPC (13.0 mg, 26.2 µmol) in CH2Cl2(3.5 mL) were added a 

solution of 16-azdohexadecanoic acid (1) (15.6 mg, 52.4 µmol), 2-methyl-6-nitrobenzoic 

Anhydride (76.2 mg, 219 µmol) and 4-dimethylaminopyridine (64.0 mg, 437 µmol) in 

CH2Cl2 (1.5 mL). The reaction mixture was stirred at room temperature for 2 days under 

N2 atmosphere and then extracted with CHCl3. Purification by silica gel column 

chromatography (CHCl3/MeOH/NH4OH 40:20:4 v/v) afforded a colorless solid (17.6 mg, 

22.7 µmol, 87%) as a white solid. Rf = 0.39 (70/30/5 CHCl3/MeOH/NH4OH, v/v), 1H-

NMR (600 MHz, CDCl3) δ 5.17 (d, J = 4.8 Hz, 1H), 4.38-4.30 (m, 3H), 4.10 (dd, J = 11.7, 

7.6 Hz, 1H), 3.95-3.87 (m, 2H), 3.35 (s, 9H), 3.23 (t, J = 6.9 Hz, 2H), 2.30-2.24 (m, 4H), 
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1.57 (td, J = 14.6, 7.3 Hz, 6H), 1.35-1.23 (m, 48H), 0.86 (t, J = 7.2 Hz, 3H), HRMS (m/z): 

[M + Na]+ calcd for C40H79N4NaO8P
+, 797.5528; found,797.5589. 

 

Synthesis of aminoPC (15) 

To a solution of the azidoPC (14) (8.8 mg, 11.4 µmol) in in CH2Cl2/DMF (1:1, v/v, 2 mL) 

were added tris(2-carboxyethyl)phosphine hydrochloride (12.5 mg, 34.2 µmol) and water 

(200 µL).The reaction mixture was stirred at room temperature for 2 days and then 

extracted with CHCl3. Purification by silica gel column chromatography 

(CHCl3/MeOH/NH4OH 65:35:4 v/v) afforded a colorless solid (2.0 mg, 2.7 µmol, 23%) 

as a white solid. Rf = 0.06 (70/30/5 CHCl3/MeOH/NH4OH, v/v), 1H-NMR (600 MHz, 

CD3OD) δ 5.25-5.21 (m, 1H), 4.43 (dd, J = 12.0, 3.1 Hz, 1H), 4.27 (d, J = 2.7 Hz, 2H), 

4.17 (q, J = 6.2 Hz, 1H), 4.04-3.89 (m, 2H), 3.22 (s, 9H), 2.91-2.81 (m, 2H), 2.36-2.15 

(m, 4H), 1.70-1.58 (m, 6H), 1.37-1.28 (m, 48H), 0.89 (t, J = 6.9 Hz, 3H), HRMS (m/z): 

[M + H]+ calcd for C40H82N2O8P
+, 749.5804; found, 749.5778. 

 

Synthesis of azidoPHCer (16) 

To a mixture of the phytosphingosine (9.5 mg, 31.5 µmol) dissolved in CH2Cl2/DMF (1:1, 

v/v, 3.0 mL) and triethylamine (13.2 µL, 94.5 µmol) was added 16-azidohexadecanoic 

acid 4-nitrophenyl ester (2) (22.5 mg, 53.8 µmol). The reaction mixture was stirred at 

room temperature for 1 day and then extracted with ethyl acetate. Purification by silica 

gel column chromatography (CHCl3/MeOH 30:1 v/v) afforded a colorless solid (8.4 mg, 

14.5 µmol, 46%). Rf = 0.51 (20/1 EtOAc/MeOH, v/v), 1H-NMR (600 MHz, CDCl3) δ 

6.30 (d, J = 7.6 Hz, 1H), 4.12 (td, J = 5.2, 2.5 Hz, 1H), 3.91-3.86 (m, 1H), 3.72 (q, J = 5.7 

Hz, 1H), 3.60-3.55 (m, 2H), 3.23 (t, J = 7.2 Hz, 2H), 2.21 (t, J = 7.9 Hz, 2H), 1.64-1.58 
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(m, 4H), 1.47-1.43 (m, 2H), 1.34-1.24 (m, 46H), 0.86 (t, J = 6.9 Hz, 3H), HRMS (m/z): 

[M + Na]+ calcd for C34H68N4NaO4
+, 619.5133; found, 619.5177. 

 

Synthesis of azidoPHCer (17) 

To a solution of the azidoPHCer (16) (8.4 mg, 14.5 µmol) in THF (3.0 mL) were added 

tris(2-carboxyethyl)phosphine hydrochloride (12.4 mg, 43.3 µmol) and water (300 µL). 

The reaction mixture was stirred at room temperature for 3 days and then extracted with 

CHCl3. Purification by silica gel column chromatography (CHCl3/MeOH/NH4OH 7:3:0.1 

v/v) afforded a colorless solid (2.2 mg, 4.0 µmol, 27%) as a white solid. Rf = 0.64 (7/3/0.1 

CHCl3/MeOH/ NH4OH, v/v), 1H-NMR (600 MHz, CD3OD) δ 4.06 (d, J = 4.8 Hz, 1H), 

3.75-3.67 (m, 2H), 3.60-3.56 (m, 1H), 3.51 (d, J = 8.2 Hz, 1H), 2.83 (t, J = 7.6 Hz, 2H), 

2.23-2.15 (m, 2H), 1.61 (t, J = 7.6 Hz, 6H), 1.35-1.24 (m, 46H), 0.89 (t, J = 6.9 Hz, 3H), 

HRMS (m/z): [M + H]+ calcd for C34H71N2O4
+, 551.5408; found, 551.5459. 
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S2. Supporting Information in Chapter 2 

Table S2.1. Identified lipid binding proteins from Neuro2a cells in each band. 

#1 Cer    

Protein name Score Mass 
Number of 

peptides 

Keratin, type I cytoskeletal 42 123 50444 4 

Bone marrow stromal antigen 2 91 19311 3 

Nesprin-2 87 787997 5 

    

#2 SM    

Protein name Score Mass 
Number of 

peptides 

Proline-, glutamic acid- and leucine-rich protein 

1 
99 119306 4 

YLP motif-containing protein 1 80 155146 4 

GRB10-interacting GYF protein 2 79 149387 3 

    

#3 SM    

Protein name Score Mass 
Number of 

peptides 

Tumor protein D54 805 24085 32 

MICOS complex subunit Mic19 229 26546 6 

Vimentin 222 53712 11 

Peptidase inhibitor 16 179 54243 5 

14-3-3 protein gamma 178 28456 11 

Iron-sulfur protein NUBPL 169 34402 5 

Mitochondrial import inner membrane 

translocase subunit TIM44 
165 51401 6 

MICOS complex subunit Mic27 157 29356 5 

Beta-actin-like protein 2 155 42319 7 

HAUS augmin-like complex subunit 1 154 31416 8 

MICOS complex subunit Mic25 153 30175 6 

Bone marrow stromal antigen 2 153 19311 5 
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60S ribosomal protein L24 139 17882 3 

Calcium-binding mitochondrial carrier protein 

SCaMC-1 
134 53096 4 

Transcription initiation factor TFIID subunit 9B 133 27269 5 

Single-strand selective monofunctional uracil 

DNA glycosylase 
127 31091 4 

Dynamin-like 120 kDa protein, mitochondrial 126 111783 5 

14-3-3 protein sigma 124 27803 7 

Glutamate--cysteine ligase regulatory subunit 124 30858 4 

Coiled-coil domain-containing protein 127 120 30661 7 

Peripherin OS=Mus musculus 117 54349 5 

Cytosolic Fe-S cluster assembly factor NUBP2 114 29898 3 

Heat shock protein HSP 90-beta 113 83571 3 

ADP/ATP translocase 1 112 33111 6 

Proteasome subunit alpha type-3 107 28615 4 

Ras suppressor protein 1 95 31531 8 

B-cell receptor-associated protein 31 94 27996 7 

Neurosecretory protein VGF 94 68248 4 

Myeloid leukemia factor 2 93 28094 3 

Epimerase family protein SDR39U1 91 31496 3 

Keratin, type II cytoskeletal 79 90 57802 3 

Isocitrate dehydrogenase [NADP], 

mitochondrial 
87 51330 3 

D-beta-hydroxybutyrate dehydrogenase, 

mitochondrial 
85 38617 4 

Isocitrate dehydrogenase [NADP] cytoplasmic 83 47044 3 

40S ribosomal protein S17 80 15571 3 

X-linked lymphocyte-regulated protein PM1 77 24711 3 

Peroxisomal membrane protein PEX16 75 38710 5 

Tubulin alpha-1A chain 75 50788 4 
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tRNA selenocysteine 1-associated protein 1 74 32744 5 

60S acidic ribosomal protein P0 73 34366 3 

IgE-binding protein 72 63221 5 

Cytochrome c1, heme protein, mitochondrial 67 35533 3 

Myosin light polypeptide 6 65 17090 3 

Proteasome subunit alpha type-1 54 29813 3 

    

#4 Cer    

Protein name Score Mass 
Number of 

peptides 

Protein FAM3C 200 25022 8 

Protein SCO2 homolog, mitochondrial 183 29097 7 

Bone marrow stromal antigen 2 167 19311 4 

Membrane-associated progesterone receptor 

component 2 
139 23434 3 

Major prion protein 133 28131 4 

Keratin, type II cytoskeletal 2 epidermal 126 71336 6 

Bcl-2 homologous antagonist/killer 123 23394 7 

Peroxisomal membrane protein 11C 122 27533 3 

Retinol dehydrogenase 11 119 35525 4 

Keratin, type I cytoskeletal 15 112 49278 7 

4F2 cell-surface antigen heavy chain 105 58414 6 

RNA transcription, translation and transport 

factor protein 
99 28249 7 

MICOS complex subunit Mic60 98 84247 5 

Keratin, type II cytoskeletal 5 95 61957 7 

Peptidase inhibitor 16 92 54243 3 

Tubulin beta-5 chain 90 50095 3 

Melanoregulin 90 25450 3 

Alpha-internexin 85 55520 3 

m-AAA protease-interacting protein 1, 

mitochondrial 
83 33249 6 

ZW10 interactor 81 28866 3 
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Endoplasmic reticulum chaperone BiP 76 72492 4 

Adenine nucleotide translocase lysine N-

methyltransferase  
75 25009 3 

Alpha-enolase 74 47453 3 

Keratin, type II cytoskeletal 2 oral 70 63319 4 

Tubulin beta-4B chain 63 50255 3 

Acyl-protein thioesterase 2 58 25120 3 

Peroxisomal membrane protein PEX16 53 38710 3 

    

#5 SM    

Protein name Score Mass 
Number of 

peptides 

ATP synthase subunit g, mitochondrial 273 11417 13 

Dynein light chain 1, cytoplasmic 160 10530 4 

ATP synthase subunit e, mitochondrial 144 8230 6 

Tubulin beta-5 chain 137 50095 3 

ADP/ATP translocase 2 133 33138 8 

Enhancer of rudimentary homolog 127 12422 4 

ADP/ATP translocase 1 124 33111 10 

Keratin, type II cytoskeletal 1 124 66079 4 

Keratin, type I cytoskeletal 16 114 51973 5 

Ubiquitin-like protein 5 107 8655 4 

Small integral membrane protein 4 106 9740 5 

Keratin, type I cytoskeletal 15 104 49278 5 

Histone H4 90 11360 4 

40S ribosomal protein S18 85 17708 4 

Cytochrome c oxidase subunit NDUFA4 61 9321 4 
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S3. Supporting Information in Chapter 3 

Supporting File 3.1: Full list of identified proteins in proteomics analysis; and list of 

binding proteins for each lipid (Tables S3.1.1–S.3.1.8 in Excel file) 

Supporting File 3.2: Enriched GO terms and clusters of the BP category (Tables S3.2.1–

S.3.2.14 in Excel file) 

Supporting File 3.3: Enriched GO terms and annotation clusters of the CC category 

(Tables S3.3.1–S.3.3.12 in Excel file) 

Supporting File 3.4: Enriched GO terms and annotation clusters of the MF category 

(Tables S3.4.1–S.3.4.14 in Excel file) 
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S4. Supporting Information in Chapter 4 

Table S4.1. Identified lipid binding proteins from yeast cells in each band. 

#1 DHCer    

Protein name Score Mass 
Number of 

peptides 

Fumarate reductase 2 98 55202 5 

Exocyst complex component EXO70 83 71534 3 

Sphingosine-1-phosphate lyase 49 66037 2 

Protein transport protein TIP20 41 81401 2 

    

#2 DHCer    

Protein name Score Mass 
Number of 

peptides 

Eukaryotic translation initiation factor 3 subunit A 198 110333 9 

Aspartate aminotransferase, mitochondrial 151 52219 7 

Cruciform cutting endonuclease 1, mitochondrial 140 41430 5 

Pyruvate dehydrogenase E1 component subunit alpha, 

mitochondrial 
140 46712 7 

V-type proton ATPase subunit C 119 44218 5 

Protein SBE22 72 96850 3 

Exocyst complex component SEC10 68 100508 4 

Farnesyl pyrophosphate synthase 67 40800 3 

ADP,ATP carrier protein 2 63 34632 3 

Fumarate reductase 2 54 55202 2 

NADH-cytochrome b5 reductase 2  48 34144 2 

Carbamoyl-phosphate synthase arginine-specific large 

chain  
48 124465 2 

Mitochondrial phosphate carrier protein 45 32962 2 

Vacuolar protein sorting-associated protein 9 42 52735 2 

Isocitrate dehydrogenase [NADP], mitochondrial 33 48331 2 

    

#3 DHCer    

Protein name Score Mass 
Number of 

peptides 
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Glucose-6-phosphate 1-epimerase 269 34048 12 

NADH-cytochrome b5 reductase 2 185 34174 11 

Regulator of Ty1 transposition protein 103 134 46517 3 

N-terminal acetyltransferase A complex catalytic 

subunit ARD1 
116 27700 7 

Mitochondrial phosphate carrier protein 114 32962 4 

Protein BMH1 99 30187 2 

ADP,ATP carrier protein 2 106 34632 4 

Phosphoinositide phosphatase SAC1 96 71308 4 

Protein TBF1 90 63127 2 

Nucleolar pre-ribosomal-associated protein 1 55 204014 3 

Inorganic phosphate transporter PHO86 55 34917 2 

External NADH-ubiquinone oxidoreductase 1, 

mitochondrial  
51 62849 2 

Midasin  50 561182 2 

    

#4 PHCer    

Protein name Score Mass 
Number of 

peptides 

Regulator of Ty1 transposition protein 103 96 46517 4 

Pyruvate dehydrogenase E1 component subunit alpha, 

mitochondrial 
82 46712 3 

    

#4 DHCer    

Protein name Score Mass 
Number of 

peptides 

Regulator of Ty1 transposition protein 103 231 46517 9 

Transcription initiation factor IIB  167 38746 4 

54S ribosomal protein L3, mitochondrial 143 44257 5 

Protoporphyrinogen oxidase  136 60064 8 

Pyruvate dehydrogenase E1 component subunit alpha, 

mitochondrial 
128 46712 5 

Phosphoglucomutase 2  126 63391 6 

Protein PET54  95 34616 4 

V-type proton ATPase subunit D  88 29176 4 
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Eukaryotic translation initiation factor 3 subunit A  85 110333 2 

Uncharacterized vacuolar membrane protein SCY_4679  83 74263 2 

Sideroflexin FSF1 77 35506 3 

40S ribosomal protein S19-A  73 15907 4 

Trehalose-phosphatase  70 103539 3 

Cytochrome P450 61 68 61979 2 

eIF-2-alpha kinase activator GCN1  66 297995 2 

V-type proton ATPase subunit H  61 54781 2 

Alpha-1,2-mannosyltransferase MNN5 59 67609 2 

Protein SCD6 59 39223 2 

NADH-cytochrome b5 reductase 2 55 34144 2 

Transposon Ty1-DR6 Gag polyprotein  53 49151 3 

Aspartate aminotransferase, mitochondrial  48 52219 2 

40S ribosomal protein S9-B 48 22285 2 

    

#5 PHCer    

Protein name Score Mass 
Number of 

peptides 

Transcription initiation factor IIB 93 38746 2 

SRP-independent targeting protein 3 61 21180 2 

Ribonucleoside-diphosphate reductase large chain 1 61 100296 2 

Cyclin-dependent kinase 1 58 34268 2 

Mitochondrial oxaloacetate transport protein 45 35302 2 

Tyrosine--tRNA ligase, cytoplasmic 44 44220 2 

Adenylosuccinate synthetase 38 48420 2 

    

#5 DHCer    

Protein name Score Mass 
Number of 

peptides 

Glyceraldehyde-3-phosphate dehydrogenase 1 194 35842 9 

Transcription initiation factor IIB  115 38746 3 

SRP-independent targeting protein 3  106 21180 4 

UPF0674 endoplasmic reticulum membrane protein 

YNR021W 
101 47234 3 

Uncharacterized protein YDR476C  79 25421 2 
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Ribonucleoside-diphosphate reductase large chain 1 75 100296 2 

Cyclin-dependent kinase 1  73 34268 2 

Mitochondrial oxaloacetate transport protein  69 35302 3 

Tyrosine--tRNA ligase, cytoplasmic  68 44220 2 

Adenylosuccinate synthetase  64 48420 2 

Mitochondrial dicarboxylate transporter 60 33141 2 

54S ribosomal protein L3, mitochondrial 59 44257 2 

Nuclear control of ATPase protein 2  57 71273 2 

3-keto-steroid reductase  52 39757 2 

ARF guanine-nucleotide exchange factor 2  51 166534 3 

Protein transport protein SEC7  49 228227 2 

Essential nuclear protein 1  46 55217 2 

Transposon TyH3 Gag-Pol polyprotein  41 199337 2 

Mitochondrial GTPase 1 40 42232 3 

Cystathionine gamma-lyase 39 42516 2 

ADP-ribosylation factor 1  36 20574 2 

    

#6 PHCer    

Protein name Score Mass 
Number of 

peptides 

SRP-independent targeting protein 3  190 21180 6 

Mitochondrial phosphate carrier protein 118 32962 4 

Elongation factor 1-gamma 2 74 46605 2 

    

#6 DHCer    

Protein name Score Mass 
Number of 

peptides 

SRP-independent targeting protein 3  249 21180 9 

Mitochondrial phosphate carrier protein 171 32962 6 

Pyruvate dehydrogenase E1 component subunit alpha, 

mitochondrial 
146 46712 8 

Signal peptidase complex catalytic subunit SEC11 107 18807 3 

Epsin-3 99 45064 2 

Protein kinase MCK1 86 43450 2 
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UPF0674 endoplasmic reticulum membrane protein 

YNR021W 
79 47234 3 

V-type proton ATPase subunit D 79 29176 5 

Elongation factor 1-gamma 2 77 46605 2 

Replication factor C subunit 3 69 38465 2 

Peroxisomal membrane protein PMP27 68 27029 2 

Nuclear control of ATPase protein 2 68 71273 3 

Uncharacterized mitochondrial membrane protein 

FMP10 
68 27681 4 

Tyrosine--tRNA ligase, cytoplasmic 65 44220 2 

Golgi to ER traffic protein 2 64 31474 2 

Guanine nucleotide-binding protein alpha-1 subunit 64 54498 2 

Dolichol-phosphate mannosyltransferase 60 30514 4 

3-hydroxy-3-methylglutaryl-coenzyme A reductase 2 55 116701 2 

Mitogen-activated protein kinase FUS3 54 41088 2 

Endoplasmic reticulum transmembrane protein 1 43 23559 2 

    

#7 DHCer    

Protein name Score Mass 
Number of 

peptides 

eIF-2-alpha kinase activator GCN1  150 297995 4 

Regulator of Ty1 transposition protein 103  135 46517 3 

SRP-independent targeting protein 3  121 21180 5 

Pyruvate dehydrogenase E1 component subunit alpha, 

mitochondrial  
119 46712 7 

MICOS subunit MIC26  112 27009 4 

Elongation factor 1-gamma 2  111 46605 5 

Uncharacterized mitochondrial membrane protein 

FMP10  
94 27681 7 

3-hydroxy-3-methylglutaryl-coenzyme A reductase 2 91 116701 2 

Signal peptidase complex catalytic subunit SEC11  88 18807 2 

Guanine nucleotide-binding protein alpha-1 subunit  87 54498 2 

V-type proton ATPase subunit D  87 29176 4 

ARS-binding factor 2, mitochondrial  80 21548 3 
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External NADH-ubiquinone oxidoreductase 1, 

mitochondrial  
79 62849 2 

Vacuolar protein sorting-associated protein 70  74 92131 2 

Golgi to ER traffic protein 1  71 27075 3 

Tyrosine--tRNA ligase, cytoplasmic  67 44220 2 

mRNA-decapping enzyme subunit 2 64 108818 2 

Protein SUR7  63 34093 2 

Non-classical export protein 2  62 19240 4 

Nucleolar protein 56 61 57057 2 

UPF0674 endoplasmic reticulum membrane protein 

YNR021W  
60 47234 2 

Essential nuclear protein 1 58 55217 3 

Mitogen-activated protein kinase FUS3 56 41088 2 

Guanosine-diphosphatase 55 57413 2 

FAD-linked sulfhydryl oxidase ERV2  54 22469 2 

NADH-cytochrome b5 reductase 2 52 34144 3 

Signal peptidase complex subunit SPC2  51 20789 2 

Glucose-signaling factor 2  51 45955 2 

Trehalose-phosphatase  47 103539 3 

Protein SOP4  41 26609 2 

Mitochondrial GTP/GDP carrier protein 1  39 33252 3 

Nucleus-vacuole junction protein 1 37 36570 2 

Vesicular-fusion protein SEC18  36 84289 2 

GTP-binding nuclear protein GSP1/CNR1  35 24966 2 

 

Table S4.2. Intensity of GFP-tagged V-ATPase and ATTO594neg lipid in vacuole membranes. 

+ DHCer + DPPC Control 

GFP-V-ATPase 
ATTO594neg-

lipid 
GFP-V-ATPase 

ATTO594neg-

lipid 
GFP-V-ATPase 

46.7 ± 0.9 41.3 ± 0.9 49.9 ± 0.9 67.6 ± 1.2 50.6 ± 0.8 

Data are presented as mean ± SE (GFP: n > 100, ATTO594: n > 25) 
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S5. Supporting Information in Chapter 5 

Table S5.1. Affinities KA and theoretical maximum response Rmax of lipids toward wt-KcsA, as 

determined using SPR method.a Related to Figure 5.3. 

Lipid 
pH 4.0 (active state) pH 7.5 (resting state) 

KA Rmax KA Rmax 

PG (6.06 ± 0.35) × 104 11.0 ± 0.3 (4.29 ± 0.33) × 104 15.5 ± 2.1 

 (1.40 ± 0.15) × 105 78.9 ± 0.5 (8.83 ± 5.89) × 103 1.13 ± 0.66 

PC (1.18 ± 0.06) × 105 58.7 ± 1.2 (9.55 ± 2.29) × 104 31.6 ± 2.8 

 (7.26 ± 1.54) × 103 14.8 ± 2.0 (4.03 ± 3.63) × 104 (1.38 ± 0.98) × 10-3 

PA (1.28 ± 0.04) × 105 24.1 ± 0.4 (9.33 ± 3.36) × 104 37.9 ± 1.8 

 (2.45 ± 0.33) × 105 96.1 ± 0.6 (3.97 ± 1.74) × 104 1.48 ± 0.98 

CL (9.86 ± 4.56) × 108 93.7 ± 10.1 (5.49 ± 2.11) × 104 44.3 ± 3.6 

  (4.60 ± 0.30) × 104 167 ± 3 (3.68 ± 2.07) × 104 2.86 ± 1.70 

a Data are presented as mean ± SD (n = 3). The affinity is shown as the binding constants KA (M−1). 

Each value was calculated from the sensorgram by fitting to a 1:2 heterogeneous ligand model. 

Rmax was corrected for number of immobilized proteins as 1000 RU. The heterogeneous ligand 

binding model assumes the following two competitive equilibriums.  

 

In this study A is lipid, and B and C are different binding sites in KcsA, one of which was assumed 

specific and the other non-specific. 

 

Table S5.2. Kinetic data of the interaction between wt-KcsA and lipids at pH 4.0.a Related to 

Figure 5.3. 

  kon koff 

PG (9.39 ± 0.29) × 102 (1.55 ± 0.07) × 10-2 

PC (6.36 ± 0.12) × 101 (5.39 ± 0.37) × 10-4 

PA (9.51 ± 0.55) × 102 (7.44 ± 0.23) × 10-3 

CL (2.09 ± 0.16) × 103 (2.56 ± 1.44) × 10-6 

a Kinetic data were obtained from the larger kon values. Data are presented as mean ± SD (n = 3). 
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Table S5.3. Affinities KA and theoretical maximum response Rmax of lipids toward ΔM0-KcsA at 

pH 4.0, as determined using SPR method.a Related to Figure 5.4. 

Lipid KA Rmax 

PG (5.58 ± 0.74) × 104 112 ± 8 

 (1.20 ± 0.58) × 104 48.2 ± 4.7 

PC (1.03 ± 0.24) × 105 65.6 ± 14.8 

 (1.43 ± 0.60) × 103 92.9 ± 32.7 

PA (5.89 ± 0.74) × 104 174 ± 3 

 (4.83 ± 0.48) × 104 32.7 ± 1.4 

CL (1.58 ± 0.25) × 109 94.1 ± 33.4 

  (3.95 ± 1.11) × 104 169 ± 12 

a Data are presented as mean ± SD (n = 3). The affinity is shown as the binding constants KA (M−1). 

Each value was calculated from the sensorgram by fitting to a 1:2 heterogeneous ligand model. 

Rmax was corrected for amount of immobilized proteins as 1000 RU. For heterogeneous ligand 

model, refer to Table S5.1 caption. 

 

Table S5.4. Affinities KA and theoretical maximum response Rmax of lipids toward ΔM0-KcsAs 

with Arg mutation, as determined using SCK method.a Related to Figure 5.7. 

  KA1 Rmax1 KA2 Rmax2 

+ E71A (4.60 ± 0.03) × 106 34.0 (6.18 ± 0.01) × 106 248.5 

+ E71A/R52Q (6.90 ± 0.09) × 106 33.9 (1.37 ± 0.03) × 1010 168.6 

+ E71A/R64Q (2.47 ± 0.02) × 106 35.6 (6.45 ± 0.01) × 106 84.5 

+ E71A/R89Q (7.08 ± 0.05) × 105 91.8 (2.96 ± 0.02) × 106 184.5 

+ E71A/R64Q/R89Q (4.97 ± 0.01) × 105 85.8 (1.95 ± 0.01) × 106 419.4 

a Kinetic parameters were extracted by a global fit in SCK with  SE (n = 3). The affinity is shown 

as the binding constants KA (M−1). KA1 was derived from specific binding, and KA2 was derived 

from non-specific binding. Each value was calculated from the sensorgram by fitting to a 1:2 

heterogeneous ligand model. Rmax was corrected for amount of immobilized proteins as 2000 RU. 

For heterogeneous ligand model, refer to Table S5.1 caption. 

 

 


