
ABSTRACT 

QUIÑONES-LÓPEZ, MARY CHELY. Structural Studies and Membrane Binding 

Interactions of Sec14-like Phosphatidylinositol Transfer Proteins. (Under the direction of 

Tatyana I. Smirnova). 

 

Phosphatidylinositol transfer proteins (PITPs) are a class of phospholipids transfer 

proteins (PLTP) responsible for the binding of both phosphatidylinositol (PI) and 

phosphocholine (PC) lipids. Sec14-like proteins are important members of PLTPs. Sec14-

like proteins are found in all eukaryotes and the family consists of more than 500 members. 

The functions of these proteins are associated with signal transduction, transport, and 

organelle biology. Sec14-like proteins are associated with the secretory pathway in the Golgi 

apparatus, and are thought to be involved in regulating membrane composition. The lipid 

exchange by Sec14-like proteins is energy-independent and is not coupled to hydrolysis of 

ATP or other cofactors. The molecular mechanism of lipid exchange and release is not 

completely understood. The principal goal of this work is to evaluate molecular mechanism 

by which Sec14-like proteins in yeast and in plants regulate the interface between 

phospholipids metabolism and membrane trafficking.  

To understand the functional engineering of Sec14-like proteins, we use Sec14p 

homolog, Sfh1. This protein is 64% compatible with Sec14p however; it does not show in-

vivo activity. Single site mutations in Sfh1 were found that resurrect Sec14-like properties.   

Using Spin Labeling EPR we have directly shown that resurrection mutants recover dynamic 

behavior of the bound lipid inside the protein cavity and that dynamic correlates with an 



increase in Sec14-like function of the mutant.  The latter finding supports a hypothesis that 

Sec14-like function relates to the ability of the protein to exchange phospholipids. 

Furthermore, Sec14-like nodulin proteins in plants, known as AtShp were studied. 

We want to test the hypothesis that in addition to electrostatic interactions, binding to PIP2 

containing membranes is more complex and specific to PIP2. It has been shown that in-vivo 

AtSfh1p demonstrates high PIP2 selectivity. To understand the mechanism of regulation, we 

investigated the interactions of model biological membranes with nodulin peptides (NOD) 

mimicking the sequence of nodulin domains from three different PITPs thought to be 

responsible for targeted membrane binding. Using spin-labeling EPR, Dynamic Light 

Scattering (DLS), and Isothermal Titration Calorimetry (ITC) we have investigated binding 

of these peptides to liposomes of various compositions. The data were analyzed using a 

comprehensive model that includes a description of electrostatic interaction using the Gouy-

Chapman theory. Substantial differences in binding behavior of these charged peptides were 

observed despite the similarity in the sequences.  We have shown that binding specificity of 

nodulin domain (NOD) peptides to PIP2 lipids correlates with reported biological activity in-

vivo. 
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CHAPTER 1: 

General Introduction  

 

 

1.1. Biological Membranes and Membrane Associated Proteins 

 

Biological membranes are barriers which are localized on the outer surface as well as 

inside of the cell. They are essential constituents in the organization of the cells and are 

composed of phospholipids, glycolipids and sterols.  These components spontaneously 

arrange to form double layered structures.   

Biological membranes can be modeled by double layers of phospholipids referred to 

as lipid bilayers.  The hydrophobic tails of the phospholipids suspended in water are 

sequestered in the interior of the bilayer and the hydrophilic head groups face the aqueous 

phase. Common phospholipid head groups found in biological membranes include 

ethanolamine, choline, serine, glycerol and inositol which form phosphatydylethanolamine 

(PE), phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylglycerol (PG) and 

phosphatidylinositol (PI) via an ether linkage to a phosphate moiety (Figure 1.1). The lipid 

bilayers are stabilized by non-covalent forces responsible for maintaining the integrity of 

membranes. Lipid bilayers are relatively impermeable to water soluble molecules, have 

anisotropic internal dynamics and can form multiple phase structures. These properties of 

lipids bilayers also regulate the functions of membranes located outside or inside the cells. 
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Membranes located on the outer surface of the cell are known as plasma membranes.  

They are selective permeable barriers responsible for regulating the chemical composition of 

the cell through the transport of oxygen, nutrients, and wastes within the cell. Inside the cell, 

biological membranes, known as cytoplasmic membranes, enclose the organelles. Inner 

membranes participate in a variety of biological processes such as diffusion, cellular 

signaling and recognition, energy transduction and enzymatic activity.  However, specific 

functions of the membranes depend on the composition of lipids, sterols and proteins.   

 

 

 

 

Figure 1.1: Common head groups attached to the backbone of phospholipids forming membranes 
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Proteins associated or attached to the membrane are known as membrane proteins. 

They constitute more than half of the proteins in a given organism.  Membrane proteins could 

be responsible for the stability of the cell, adhesion and transportation of molecules to the 

cell, production of substances essential for cell function, connection between the cell’s 

internal and external environments and regulating molecular transport. The functions 

mentioned above depend on the type of membrane protein. Examples include structural 

proteins, cell recognition proteins, enzymatic proteins, membrane receptor proteins and 

transport proteins. These proteins can be classified as integral membrane proteins or 

peripheral proteins (Figure 1.2). 

 

 

 

 

Figure 1.2: Representation of membrane proteins 
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Integral membrane proteins or intrinsic proteins are proteins embedded into the 

biological membrane and as result hydrophobic interactions play a major role in protein-

membrane stabilization. The hydrophobic part is exposed on either side of the membrane. 

These proteins are insoluble in water.  Integral membrane proteins can be transmembrane 

that span from the internal to the external surface of the biological membrane (Figure 1.2). 

They are firmly bound to a membrane by hydrophobic interactions between membrane lipids 

and hydrophobic domains of the protein. They comprise approximately 30% of the proteins 

in the human body (1)  and participate in many biological processes, such as signal 

transduction and molecular transport, and are of a great interest as drug targets for 

pharmaceuticals (1-3). Transmembrane proteins are difficult to crystallize for studies by X-

ray crystallography and possess lower solubility preventing the use of solution NMR for 

structure determination. Peripheral membrane proteins are partially bound in the lipid matrix 

by hydrogen bonds, electrostatic forces, hydrophobic interactions, other non-covalent 

interactions or by other integral membrane proteins.  They are exposed only at one 

membrane face and possess structural features appropriate for binding to biological 

membranes. The majority peripheral proteins are water soluble.  

Despite the importance of membrane proteins the study of their structure remains a 

difficult task. According to the membrane protein data bank, only 407 unique structures of 

proteins and peptides have been published as of June 24, 2012 (4).  This represents less than 

1% of the proteins with known 3-D structure. Membrane proteins may not adopt correct 

folding conformation or function properly without being located within phospholipids 

membranes, making X-ray crystallography a difficult technique to use for structure 
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determination. A significant challenge for functional and structural studies of membrane 

proteins is creating an appropriate membrane mimetic that is not only compatible with the 

intended studies, but is also capable of retaining native protein structure and function (5). 

Supported lipid bilayers, liposomes, micelles and bicelles have been used to mimic biological 

membranes, permitting in some cases studies of transmembrane and membrane-associated 

proteins by magnetic resonance techniques like nuclear magnetic resonance (NMR) and 

electron paramagnetic resonance (EPR).  

Throughout the present document the results obtained using EPR and other 

spectroscopic techniques for the study of the peripheral phosphatidylinositol transfer protein 

Sec14-like will be discussed. The aim of this work is to understand the dynamics, and the 

mechanism of membrane binding of Sec14-like proteins in relevance to ability of these 

proteins to regulate the interface between phospholipids metabolism and membrane 

trafficking. 

 

 

1.2. Phospholipids Transfer Proteins   

 

Phospholipids transfer proteins (PLTP), discovered in 1968 by Wirtz and Zilversmit 

(6), are a class of cytosolic proteins ubiquitous in eukaryotic cells. They have the ability to 

bind phospholipids, affect phospholipid metabolism and lipid distribution and play an 

essential role in phospholipid signaling. PLTPs are specific transporters of single lipid 

molecules between membranes by diffusion through the aqueous phase in cells in an energy 
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independent mechanism as shown from the in-vitro studies. Once the protein is in contact 

with the membrane, the bound phospholipid molecule is released and inserted into the outer 

layer of the bilayer resulting in the net transfer of phospholipids from one membrane to 

another.  Alternatively, protein can dissociate with a different type of bound phospholipid 

resulting in an exchange of phospholipids between membranes (Figure 1.3) (7).  

 

 

 

 

Figure 1.3: Diagram for PLTPs mobilization of phospholipids after being released from the outer 

membrane.  Shown on the left is phospholipid exchange and on the right the net phospholipid transfer 

approach. Reprinted from reference (7) with permission from Elsevier. 

 

 

 

These proteins are divided into three categories, depending on the type of 

phospholipids they transport and bind. These categories are non-specific, mono-specific and 

oligo-specific PLTP.  Non-specific PLTPs transport  phospholipids including glycolipids and 

sterols (7). Studies performed with non-specific PLTPs showed the ability to transport 

cholesterol amongst membranes (8, 9). Later, with the discovery of plant non-specific 

PLTPs, researchers found that animal and plant proteins are homologs and their function of 
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transport lipids are similar. Plant non-specific PLTPs are responsible for the transport of 

phospholipids and glycolipids across membranes (10). Mono-specific PLTPs are responsible 

for binding and transporting one specific lipid, for example, the PC transfer proteins (PCTP) 

and PG transfer proteins, specific for PC and PG lipids respectively (7, 11). Oligo-specific 

PLTPs are characterized by ability to bind a set of lipids where protein presents a higher 

affinity for one lipid than the others.  Such protein was first found in yeast (7). The most 

common proteins in this group are the phosphatidylinositol transfer proteins (PITPs), and 

these proteins are the focus of our study. 

PITPs are present in mammalian, fungal, insect, and plant cells and have a highly 

conserved structure.  They enclose just one phospholipid binding site for each protein 

monomer (Reviewed in (12)). PITPs have the ability to mobilize PI or PC lipids between 

membrane bilayers in-vitro (12-14) in an energy-independent mode, showing major affinity 

towards PI lipids (7, 15). This group also has the ability to catalyze the synthesis of PI in-vivo 

and in-vitro. In general, main functions of PIPTs are phospholipid metabolism, membrane 

trafficking and polarized membrane growth. Deficiencies in PITPs function have been related 

to neurodegenerative, glucose homeostatic, and intestinal malabsorption disorders in mice 

(15).  PITPs are divided into two families, metazoan PITPs and Sec-14 like proteins.  These 

families do not share the same characteristics or structural features (14).   

Metazoan PITPs are ubiquitous, 35-kDa soluble proteins with the characteristic 

function of PITPs (6). Organisms which possess these proteins include mammals, worms and 

insects.  In mammals there are three soluble proteins, PITPα, PITPβ and RdgBβ. PITPα and 



 

8 

PITPβ have similar primary sequences (15).  It has been shown that a deficiency of metazoan 

PITPs function is lethal in mammals. It is not a highly expanded family like Sec14p-like.  

Sec14p-like PITPs proteins are eukaryotic proteins found in all eukaryotes cells 

(Figure 1.4), and its family consists of more than 500 members (15). The first Sec14p protein 

was found in yeast (7). The functions of this protein are associated with signal transduction, 

transport, and organelle biology. These proteins and metazoan proteins are also associate 

with Golgi membrane trafficking (16, 17). Sec14p-like PITPs are the focus of our studies and 

will be discussed in more details in the next sections.  

 

 

1.3. Sec14p-like Phosphatidylinositol Transfer Proteins 

 

Sec14p-like are eukaryotic proteins found in all eukaryotes and this family consists of 

more than 500 members (15) (Figure 1.4). The name is based on the founding member, 

Sec14p yeast Saccharomyces Cerevisiae. It has been demonstrated that a PI binding “bar 

code” is recognized by nearly all members of the family (18). The mechanism by which this 

protein performs lipid exchange without hydrolyzing ATP is not completely understood. 

Specifically, no molecular details are known as to how this soluble protein extracts lipids 

from a membrane without ATP hydrolyses or other co-factors and how the lipid is released.  

New evidence has recently emerged that shows Sec14-like proteins specifying the outcome 

of PI kinase action (19), defining the function of this protein family as regulating the 

interface between phospholipid metabolism and membrane trafficking. It also, has been 
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shown that deficiencies in Sec14-like proteins in humans are associated with diseases such as 

ataxia, neurofibromatosis type 1, numerous cancers, lipodystrophies and neurological 

syndromes (20-24). Computer simulations present Sec14 conformational dynamics that occur 

during phospholipid transfer without considering the trajectories of the phospholipid transfer 

(25).  

At the time of this research several crystal structures of Sec14p-like proteins were 

available that all show similarly folded, globular structures containing approximately 280 

residues (26) (Figure 1.5). The folded form of Sec14p contains twelve α-helices, six β-

strands and eight 310-helices (12, 13, 27).  The information obtained from these crystal 

structures showed that all the Sec14-like proteins contain a hydrophobic binding pocket.  The 

results of EPR experiments performed on Sec14 in yeast showed that the bound PC lipid 

experiences an environment similar to that of a membrane leaflet due to hydrophobicity 

parameters of the phospholipid binding pocket (28, 29).  It has also been shown that Golgi 

membrane trafficking is related to the N-terminal A1-A4 α-helices which fold into a tripod 

like motif (26).  

Previous studies demonstrated importance of Sec14p for the budding of secretory 

vesicles from the Golgi complex (30).  Recently, the role of the Sec14p in lipid trafficking 

and coordination of PC and PI metabolism  in the trans Golgi membranes was reviewed in 

(26) and (7).   
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Figure 1.4: Representation of the domain architecture in Sec 14p. Experiments conducted in this work 

were focused on Sfh1p, Sec14-Nodulins and the accessibility of Sec14 yeast. Detailed studies of  Sec14 

yeast were performed previously in our research group by Dr. Chadwick.   Reprinted with permission 

from reference (26). Copyright © 2011 International Union of Biochemistry and Molecular Biology, Inc. 

 

 

 

 

Figure 1.5: Crystal structures available for Sec14-like proteins Reprinted with permission from reference 

(26).  Copyright © 2011 International Union of Biochemistry and Molecular Biology, Inc. 
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Figure 1.6: Nanoreactor model of Sec14-like proteins (26).   

 

 

 

Recently, a “nanoreactor” mechanistic model was proposed to describe PITPs as 

trans-organelle lipid carriers (14, 31). This model suggests that Sec14-like proteins act as 

biosensors that couple binding of lipids other than PI and PI-kinase interaction with PI lipid 

(26, 32). Sec14-like proteins stimulate PI4-OH kinase activity by engaging PI through 

multiple rounds of heterotypic exchange reaction. Two possible mechanisms were proposed. 

One assumes that the entry and exit portal of the PLs are different and PC entering the cavity 

removes the PI lipid exposing its headgroup. The other model assumes that PC exits slowly 

and interferes with the entry of PI through the partially blocked exit/entry portal (26).  These 

two models replace the older mechanistic model that assumed an A10/T4-helix driven 

“bulldozer” mechanism for Sec14-mediated phospholipid exchange (27).  According to the 

“bulldozer” model, A10/T4 helix inserts into the membrane and interacts with the acyl chains 

of phospholipids.  Then the bound lipid diffuses into the outer leaflet of the bilayer where the 

hydrophobic pocket is open and exposed to the membrane surface (13, 27). Even with the 
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new insights about the mechanism of Sec14 binding, there are still questions that need to be 

answer about the mechanism, the activity and the dynamics of these protein/lipid complexes. 

In order to understand the specific process of Sec14-like proteins Prof. Bankaitis and his 

group applied directed evolution methods to resurrect Sec14-like activities in a Sec14 

homolog, Sfh1. They discovered specific mutations (Sh1*) that result in significant Sec14-

like activity (18).  In this work we have investigated effect of these mutations on binding of 

PC lipids and lipid dynamics in PC::protein complex.  

 

 

1.3.1. Sec14p-like proteins in yeast: Sec14p and Sfh1 

 

Sec14p, the founding member of Sec14-like protein family, is a type of cytosolic 

PITP (7), and is the subject of numerous studies. Using this protein as a model, some basic 

functions of Sec14-like proteins were established. Experiments performed on these proteins 

demonstrated the role of Sec14 in the membrane trafficking through the distal stage of the 

secretory pathway and yeast viability (17, 33).   

 The crystal structure of Sec14p loaded with two molecules of -octylglucoside 

detergent required for crystallization was published in 1998 and helped to identify a new fold 

that forms a hydrophobic pocket with enough volume to accommodate a single lipid 

molecule, either PI or PC (27). This crystal structure in combination with mutation 

experiments provided a hypothesis of how Sec14p binds target membrane and phospholipids. 

The location of the detergent molecules indicated the binding site of the PI lipid (Figure 1.7. 
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a)). SL-EPR performed by Smirnova and collaborators showed that PC lipid bound in Sec14p 

phospholipid binding pocket experiences a polarity gradient similar to one that exists in 

phospholipid membrane. The data suggested the polarity gradient inside the Sec14p cavity is 

a significant contributor to the driving molecular forces for sequestering a phospholipid from 

the bilayer (28).  

 

 

 

 

Figure 1.7: Crystal structures of a) Sec-14p at 2.5 Å (25). Protein Data Bank Identification (PDBI): 1aua 

and b) Sfh1p binding to PC and PI lipids (34) . PDB ID: 3b7z 
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Recently, the crystal structure of a Sec14p homolog, Sfh1p, containing mixture of PI and PC 

lipids was solved (34). Based on this structure, Schaaf and co-authors have created a series of 

Sec14 mutants defective in binding either PC or PI lipids.  In-vivo  experiments have shown 

that (34): 

1. PC and PI binding occurred at different sites of the protein and that PC is located 

deeper in the membrane than PI, which is positioned closer to the proteins surface. 

2. Both PC and PI binding activities are required for Sec14p in-vivo function.  

3. Sec14p must be able to bind both PI and PC lipids by the same protein molecule in 

order to activate PI kinase. 

A combination of structural, biophysical and in-vivo experiments now disagree with 

phospholipid (PL)-transfer and sensor models that assume soluble PL:Sec14 unit as a 

functional intermediate. The recent in-vivo experiments propose that heterotypic exchange of 

PC/PI lipids prime Sec14 for productive presentation of PI lipids to PI kinases at the 

membrane surface (34). 

 

 

1.3.2. Sec14-like in plants: Sec14-nodulin proteins 

 

Sec14-like PITPs from plants share 36% to 64% similarity with yeast Sec14. These 

proteins encode Sec14 domains and Sec14 domains connected with nodulin-domains and 

gold-domains (Figure 1.8).  They play an important role in plant growth and development, 

cellular responses to environmental stimuli, membrane trafficking and root hair biogenesis. 
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Studies of soybean Sec14-like PITPs demonstrated that these proteins are involved in the 

hyper-osmotic stress induced signaling pathways in plants.  Soybean Sec14-like PITPs 

showed high affinity binding for PI and specifically for PI(4,5)P2 (35-37).  

 Sec14-nodulin PITPs were first identified in Lotus japonicus. They are the first 

Sec14-like proteins bound to the membrane.  Nodulin domains in this plant, identified as 

Nlj16 type, are implied in the specific temporal expression in nodulation, transcriptional 

regulation and also show PITP like activity (38, 39). Specifically, these proteins considered 

to promote symbiosis that drive nitrogen fixation (40).  Another plant where nodulin domains 

were found is Arabidopsis thaliana (A. thaliana), a plant widely used in biology studies. 

Sec14-nodulin PITPs from A. thaliana presents the highest homology to yeast Sec14p and 

shows intrinsic Sec14-like activity.  

A. thaliana contains 13 Sec14-nodulins proteins identified as AtSfh1-14 (Figure 1.8b) 

(14). AtSfh1 is important for polarized membrane trafficking program in root hair 

morphogenesis (26, 41). Deficiencies in AtSfh1 is associated with defeat of tip-directed PIP2 

(41). The physical linkage between Sec14 domain and a nodulin domain is proposed to be 

involved in the polarized membrane trafficking program. Unpublished in-vivo studies of 

AtSfh1p by Prof. Vytas Bankaitis showed C-terminal nodulin has high affinity for PIP2 and 

this target AtSfh1 to membranes supporting previously proposed model (26). This evidence 

suggests that AtSfh1p act as a “nanoreactor” where Sec14 domain of AtSfh1 is the “PI 

presentor” for PI4-OH-kinase..  

In general, the principal role of AtSfh1 is to stimulate the synthesis of bis-

phosphoinositides during periods of hyperosmotic stress. Sec14-like proteins have important 
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roles in the plants; however, their function is not completely understood and need to be 

studied in terms of their biophysical properties. In order to study their structure, dynamics 

and binding mechanism, experiments with peptides mimicking the sequence of Sec14-

nodulins were performed.  

 

 

 

 

Figure 1.8: The Sec 14-nodulin PITP family in A. thaliana (14). a) Diagram of the Sec 14 nodulin domains 

in A. thaliana. Sec 14 domains are represented in blue, the hydrophobic domain in red and nodulin in 

green.  b) Three classes of half C-terminal of the Sec 14-nodulins present in the plant. Conserved residues 

are shown in red, basic residues are shown in blue.  Experiments described in this report were conducted 

using nodulin peptides from Class 1 (AtSfh 1p, 7p and 3p). Picture reprinted with permission from 

“Macmillan Publishers Ltd: Nature Chemical Biology, reference 14, copyright 2006. www.nature.com 
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1.4. Electron Paramagnetic Resonance (EPR) 

 

EPR is the resonant absorption in the range of microwave frequency by paramagnetic 

ions or molecules containing at least one unpaired electron spin in the presence of a static 

magnetic field. It is also known as Electron Spin Resonance (ESR) and Electron Magnetic 

Resonance (EMR).  Its principles are similar to NMR; however, they are not the same.  

Figure 1.9 left, shows the energy level diagram for a system with spin  one half 

(S=1/2) (42).  Assuming that the magnetic field B0 is directed along the z-axis of space 

coordinate system, the simplest spin Hamiltonian, Ĥ  is given by: 

ze SBH ˆˆ
0                                                                                      (1.1) 

where e is the magnetogyric ratio of the electron,  is modified Planck’s constant and zŜ is 

the z-projection of the electron spin operator Ŝ .  Thus, the eigen functions of zŜ are also the 

eigen functions of Ĥ .  Typically, for organic free radicals the electronic spin is ½, yielding 

only two possible eigenvalues for zŜ : 
sm =+1/2  and 

sm = –1/2 .    This results in two energy 

levels: 

sBesems mBgmBE 00                                                                                         (1.2) 

where ge is the electronic g-factor and μB is the Bohr magneton.  These two energy levels are 

split by: 

0BE e                                                                                       (1.3) 
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Transition of an electron between these two energy levels is detected in a 

spectroscopic experiment if the photon energy  hE    matches the energy levels 

splitting.  The resulting resonance condition can be described as 00 BgBh Bee   . The 

g- factor is dependent upon the paramagnetic species and characteristic of electronic 

structure.  

The most important characteristic of EPR is the hyperfine structure. Hyperfine 

structure results from interactions between electron and nuclear magnetic dipole. It splits the 

individual resonance lines into hyperfine components each with different intensities and 

separations depending upon nuclear spin (Figure ) (43, 44). Hyperfine interactions can be 

isotropic and anisotropic.  

 

 

 

 

Figure 1.9: Hyperfine interaction of one unpaired electron and one magnetic nucleus with spin, I=1/2. 
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In general EPR is useful for studying free radicals, radicals and paramagnetic defects 

in solids, bi-radicals, systems in the triplet state, systems with multiple unpaired electrons, 

for example, the transition metal ions. (42, 44, 45). In biophysical  studies EPR is used in 

combination with spin labeling techniques to determine protein structures, dynamics,  as well 

as conformational changes of proteins (45).  

 

 

1.5. Doctoral Research Plan and Aims 

 

The overall goal of this project is to develop novel magnetic resonance methods for 

studies of membrane associated and transmembrane proteins and to apply these methods to 

evaluate molecular mechanism by which Sec14-like proteins regulate the interface between 

phospholipids metabolism and membrane trafficking.  Specifically, we have the following 

objectives: 

Aim 1:  Using EPR in combination with site-directed spin labeling methods and other 

analytical techniques to investigate the interaction of Sec14-like proteins with the 

phospholipid bilayers model. 

Aim 2: Using spin-labeling EPR method to investigate the binding of spin labeled doxyl PC 

lipids by Sfh1wild type and resurrection mutant proteins and compared the results with the 

experiment performed previously with Sec14p.   
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Aim 3: Investigate the accessibility of spin labeled PC lipids to the reducing agent ascorbic 

acid upon binding to Sec14p by EPR. 

Aim 4: Study the interactions of model biological membranes with peptides mimicking the 

sequence of nodulin domains assumed to be responsible for targeted membrane binding. 

Aim 5: Relate the observed trends for nodulin peptides bind to biological membranes with 

protein membrane specificity detected in-vivo, in order to fully understand the mechanism of 

regulation by Sec14-nodulins proteins. 
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 CHAPTER 2: 

 Spin Labeling EPR Investigation of Phosphocholine Lipid Binding by Sfh1 

Proteins 

 

 

2.1. Introduction 

 

Sec14p is the founding member of a large super family of PITP proteins. Sec14-like 

PITPs are the instructive component in PIP signaling that link lipid metabolism with the PIP 

synthesis (31, 34). Despite high abundance of these proteins, there is very little information 

regarding how Sec14p, and PITPs in general, execute lipid exchange. Specifically, no details 

are known how this soluble protein extracts lipids from membrane without ATP hydrolyses 

or other co-factors and how the lipid is released. Studies performed previously in Smirnova’s 

research group using spin labeling EPR showed that PC motion within the Sec14p binding 

pocket is anisotropic and highly restricted (28).  It also, has been shown that PC lipid is 

bound by Sec14p in a “head group-out” orientation.  High field EPR experiments revealed 

that the Sec14p lipid-binding pocket provides a polarity gradient to match that lipid molecule 

experiences in a membrane, minimizing energy cost of lipid transfer (28).  

In-vivo work suggested that in addition to balancing the PI/PC lipid composition in a 

membrane, Sec14p regulates lipid metabolism by controlling PI kinase reaction with PI 

lipids. The hypothesis builds on results of in-vivo experiments, states that reaction occurs on 



 

28 

the membrane surface during heterolytic PI/PC exchange.  In this work we report on 

comparative studies of Sfh1p, theSec14 homolog. High resolution X-ray structure of Sfh1 

with PI and PC lipid is available. (34).  Sfh1 shares 64% of the primary sequence identity 

with Sec14, and conserves all of the obvious Sec14p structural motifs critical for PI and PC 

binding (46). The crystal structure of Sfh1p in complexes with PC, PI and PC/PI lipids is 

shown in Figure 2.1. The structure demonstrates that PC head group phosphate is bound at 

8.2 Å deeper in the cavity than PI phosphate.  Sfh1 protein is also more stable at higher 

concentrations (above 100 M) in solution, making spin-labeling EPR experiments more 

practical.  Mutagenesis work performed by Dr. Bankaitis group have shown that this protein 

is more suitable for production of cysteine (Cys) mutants required for spin-labeling 

experiments as replacement of native Cys residues is not required (with possible exception of 

one residue); however it does not have the Sec14-like activity in-vivo.  

 To understand the functional engineering of Sec14-like proteins, single site mutations 

in Sfh1 were found to resurrect Sec14-like properties.  Previously, an enigmatic hydrophilic 

patch on the floor of the hydrophobic cavity of Sec14p, configured in close proximity to the 

sn-2 acyl chain of bound PC have been identified (28). Single residue mutations affecting 

this spot have been shown to be sufficient to endow Sfh1 with significant Sec14-like 

activities in-vivo.  

The mutations studied in this work, Sfh1 Y113C and E126A, both present Sec14-like 

activity in-vivo. The objective of these experiments was to developed and employed spin-

labeling EPR methods to study binding of spin labeled PC, 1-acyl-2-(n-(4,4-

dimethyloxazolidine-N-oxyl) steroyl), n-doxyl-PC, where n is the position of the spin label 
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by wild type (WT) Sfh1 and resurrection mutants, Y113C and E126A.  Scheme 2.1 shows 

the structures of the n-doxyl-PC lipids used for this work. Although spin labeling EPR 

experiments require a higher concentration of labeled protein than fluorescence 

measurements, spin-labels are smaller in size and generally produce less perturbation at the 

site of labeling. To performed the proposed lipid binding experiments the use of EPR was 

crucial, since it has been shown previously that neither Sec14p nor Sfh1p bind lipids with 

fluorescent label attached, most likely because of steric restrictions. 

 

 

 

 
 

Figure 2.1: Crystal Structures of Sfh1 with lipid molecule a) PC (PDB ID: 3b7q), b) PI (PDB ID: 3b7n), c) 

structure with -PI (blue) / PC (red) superimposed (PDB ID: 3b7z) ( 
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Scheme 2.1: Structures of n-doxyl-PC. 
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2.2. Materials and Methods 

 

Materials and reagents: Nitroxide-labeled PC species, n-doxyl-PC, with the spin label 

positioned at n = 5, 7, 10, 12, and 16, were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL) as chloroform solutions. Sfh1 WT and Sfh1* were provided by our 

collaborator Prof. Vytas Bankaitis (Texas A&M).  Phosphate buffer, 50mM, at pH= 6.8 with 

300mM of NaCl and 1mM NaN3 was used in order to prepare n-doxyl-PC liposomes.  

 

Preparation of multilamellar liposomes  (LMVs) dispersions and  Sfh1* samples used in 

CW EPR experiments: LMVs composed of 100% of n-doxyl-PC (20mM) were prepared in 

50mM phosphate buffer with 300mM of NaCl and 1mM NaN3 pH=6.8 as following. 

Corresponding amount of chloroform stock solution of n-doxyl-PC lipids was pipetted into a 

conical vial. The chloroform was removed initially by flushing nitrogen gas into the sample 

and further by keeping the sample under vacuum overnight.  The lipids were then 

reconstituted in buffer and LMVs were prepared by 10 freeze-thaw cycles by introducing the 

vial containing the sample into liquid nitrogen and thawing the sample by depositing the vial 

into water at 35
o
C. Studies have been demonstrated that spin-labeled lipids form bilayers 

when dispersed in water solutions and exhibit similar phase behavior as biological lipids 

(10). Sfh1 and Sfh1* were loaded with n-doxyl-PC by adding 131µM protein solution to two 

fold excess of 100% n-doxyl-PC. The mixture was drowning into 0.032 mm x 0.044 mm 

teflon tube and incubated at room temperature at least for 2 hours or until no changes in EPR 
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spectra were observed. In the case of Sfh1 WT, the EPR signals were also recorded 2 days 

after the mixing to verify the absence of any slow binding event.  

 

EPR experiments: Continuous wave (CW) X-band (9.0-9.5 GHz) EPR spectra were acquired 

with a Century Series Varian E-109 (Varian Associates, Palo Alto, CA) and digitized to 2048 

data points per spectrum. Spectrometer settings were as follows: microwave power 2 

milliwatts, scan range of 160 G,  field modulation frequency 100 kHz, and amplitude less 

than 1 G to avoid over modulation.  The temperature of all experiments was maintained at 

25
o
C using a temperature controller designed and built in-house by Alaouie and Smirnov.  

 

 

 

2.3. Results 

 

2.3.1. Sfh1* and n-doxyl-PC incorporation 

Spin-labeled n-doxyl-PC molecules were used as binding substrates for survey of 

protein::PC interaction across the lipid molecule. Binding of n-doxyl-PC by Sfh1 WT and 

both mutants, Y113C and E126A, were monitored by observing changes in EPR spectra. The 

EPR signal from liposomal n-doxyl-PC appears as a single broad line of approximately 25-27 

G peak-to-peak width depending on the position of the label (Figure 2.2a).  Figure 2.2a 

shows the spectrum for 5-doxyl-PC liposomes.  All spectra from liposomes are well modeled 

by a Lorentzian function (Figure 2.2b, dashed line) and are characteristic of strong dipole-
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dipole and exchange interactions that result when nitroxide moieties are packed in close 

proximity. The EPR spectra from non-aggregated lipids are weak enough to be detected 

under the conditions used in the study.  Upon sequestration of n-doxyl-PC within the Sfh1 or 

Sfh1* lipid binding cavity, the spin-spin interactions between n-doxyl-PC molecules are 

eliminated resulting in a sharper EPR spectrum (Figure 2.2b and 2.3).  

When protein binds phospholipid from a membrane bilayer, the bound lipid becomes 

trapped in the protein cavity and separated from the rest of spin-labeled lipids in the 

liposomes.  The signal originating from n-doxyl liposomes (Figure 2.2a) is most readily 

observed at the wings of the spectrum. Contributions from the remaining liposomal n-doxyl-

PC were subtracted from the experimental spectrum resulting in the component for the bound 

n-doxyl-PC to Sfh1* (Figure 2.2c and 2.4).  Figure 2.4 shows typical EPR spectra observed 

from Sfh1 loaded with n-doxyl-PC after subtraction of corresponding background signal 

from liposomes. The relative contributions from protein-bound and liposomal forms were 

quantified by a double integration of the corresponding spectral components.  

 

 

 



 

34 

 

 

 

 

Figure 2.2: Room temperature X-band CW EPR spectra from 5-doxyl-PC:  a) in form of  multilamellar 

lipid dispersion; b) (solid line) in the presence of 131 μM of Sfh1p E126A in ~1:2 molar ratio with dashed 

line showing the least squares fit of the spectrum to a Lorentzian function; and c) spectral component 

corresponding to 5-doxyl-PC incorporated into the Sfh1p E126A binding pocket that was obtained by a 

spectral subtraction. Conditions for CW EPR were scan range: 160 G, frequency: 9.52 GHz, modulation 

amplitude 1G. 
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Figure 2.3: Room temperature (23
o
C) X-band CW EPR spectra from n-doxyl-PC LMVs dispersion after mixing with  a) Sfh1 WT, b) Sfh1 E126A 

and  c) Sfh1 Y113C in ~2:1 lipid-to-protein molar ratio. 
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Addition of Sfh1 WT to spin labeled n-doxyl-PC liposomes (Figure 2.3a) did not 

cause significant changes in the spectra for position 5 to 12. The data analysis demonstrated 

that Sfh1 fails to incorporate 5- and 7-doxyl-PC, though a weak binding of ca. 5% is 

observed for 10- and 12-doxyl-PC. Nevertheless, when the doxyl labeled is located at 

position 16 we observed changes in the spectrum (Figure 2.4a). These changes correspond to 

ca. 20% of the 16-doxyl-PC binding to the protein (Figure 2.5). The collective X-band CW 

EPR results proved that Sfh1 shows reduced loading capacities for all these n-doxyl-PC. 

These results suggest that Sfh1 WT does not bind n-doxyl-PC because the lipid binding 

cavity does not have any available room to accommodate the nitroxide label. In contrast, 

addition of Sfh1 Y113C or E126A mutants showed enhanced capacities for n-doxyl-PC 

incorporation causing significant changes in the X-band EPR spectra (Figures 2.2b, c).  

Sfh1*::n-doxyl-PC binding effectively breaks spin-spin interactions between bound 

lipid and the rest of spin-labels.  EPR spectra from all positions of spin-label report on slow 

motional regime and anisotropic rotation of the nitroxide spin-label (Figure 2.4). We did not 

observe any broadening of these spectra indicative of spin-spin interactions and this is 

consistent with a Sfh1* binding a single n-doxyl-PC molecule.  

Y113C mutant showed weak incorporation of PC lipids with doxyl label attached at 

positions 5 and 7 with approximately 10-15% of total protein loaded. For lipids with doxyl 

label attached at positions 10, and 12, a moderate incorporation was measured with 30-40% 

of Y113C loaded. A 100% of binding, indicating saturation, was observed for 16-doxyl PC 

(Figure 2.5).   
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Figure 2.4: Background corrected X-band CW EPR spectra (23
o
C) from Sfh1 a) WT, b) E126A and c) 

Y113C and d) Sec14p wild type (28) loaded with n-doxyl-PC (n= 5, 7, 10, 12, 16). Dashed lines correspond 

to Aout and are shown to help to visualize the changes in Aout.  
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Figure 2.5: Fraction of protein containing n-doxyl-PC bound:: Sec 14 WT (― ―), Sfh1 WT (― ―), 

Sfh1 E126A (― ―) and Sfh1 Y113C (― ―). This plot represents the fraction of protein containing n-

doxyl-PC as a function of the label position on lipid acyl chain. Initial protein-to-lipid ratio was 1:2. The 

relative amount of lipid bound to the protein vs. the remaining in the liposomes is estimated by 

calculating double integral of the corresponding spectral component. 

 

 

  

In contrast, E126A presented higher capacity to incorporate n-doxyl-PC, were 40-

60% of total protein loading was observed at position 7, 10, 12 and 16 (Figures 2.2b and 2.5). 

The protein was saturated with 5-doxyl-PC and presented significant incorporation of 7, 10, 

12 and 16-doxyl-PC as well, demonstrating that spin-labeled lipids become sequestered 

within the protein cavity (Figure 2.5). These loading values could be compared to Sec14 

were binding to each of the n-doxyl-PC is saturated under the experimental conditions used 

(3).  

The acquired capability of Sfh1* to load with n-doxyl-PC into the hydrophobic 

pocket is not likely due to relief of steric problems associated with accommodating the spin 
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label within the hydrophobic pocket. The effects were significant even when the spin-label 

position was physically distant from the mutation sites in Sfh1* protein. 

 

 

2.3.2. Mobility parameters for PC bound to Sfh1* vs. Sec14 

The ability of Sfh1* E126A and Y113C to load with n-doxyl-PC permitted 

comparisons of mobility parameters for spin-labeled PC probes incorporated into Sfh1* 

relative to Sec14, which readily incorporates such probes. The comparison could be possible 

because after subtraction the spectra presented in Figure 2.4 showed slow motional regimes 

and highly anisotropic rotations of the nitroxide spin-labels. 

In order to characterize motion of the spin-labeled lipid inside the protein cavity, the 

mobility parameter and the effective order parameter (S
eff

) were calculated. The order 

parameter is an empirical parameter that characterizes the anisotropy of motion of the spin-

labeled lipid and can be calculated from the half of the outer hyperfine splitting Aout and the 

half of the inner hyperfine splitting Ain (Figure 2.6).  

The informative parameter used to characterize spin-label motion is the peak-to-peak 

line width, Hp-p (mI = 0) of the central nitrogen hyperfine component (where mI = 0 is the 

nitrogen spin quantum number) (Figure 2.6, green dash lines).  When tumbling of a spin label 

falls into an intermediate-to-slow motion regime, this width is approximately proportional to 

the rotational correlation time c.  Typically, an inverse of the line width is reported as a 

“mobility” parameter, ∆H
-1

p-p (47).  The parameter estimates mobility of spin-labeled amino-

acid side-chains in proteins, and a smaller mobility parameter indicates slower rotation and a 
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longer rotational correlation time c.  The results are summarized in Figure 2.7 panel a, and 

Table 2.1. These results demonstrated that the value for ∆H
-1

p-p for bound 5-doxyl-PC is 

higher for E126A than Y113C and Sec14p. In contrast the values for bound 7, 10 and 12-

doxyl-PC species are lower for E126A and Y113C relative to Sec14p. The lowest and higher 

values for mobility parameters from position 5 to 12 of the PC acyl chain correspond to Sfh1 

Y113C and Sec14p respectively.  E126A mutant showed that position 16 is the one with the 

greater rotation correlation time, so the motion of lipid bound to E126A is more restricted at 

the tale of the lipid chain than in the Y113C and Sec14p WT. The results obtained for the 

mobility parameters demonstrated that PC lipids have less steric restrictions within the 

Sec14p hydrophobic pocket in comparison with Sfh1E126A and Y113C. These restriction of 

PC mobility is inversely proportional to Sfh1* effectiveness. 

 

 

 

 

Figure 2.6: Representation of ∆Hp-p (----) and the parallel (----) and perpendicular (----) components of 

hyperfine parameter. This spectrum corresponds to Sfh1 Y113C binding with 10-doxyl-PC 
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Table 2.1:  Summary Results for motional characteristics and order parameters of nitroxide spin label in Sec14p and Sfh1* encapsulated with n-

doxyl-PC lipids (n= 5, 7, 10, 12, 16) 

 

n 
Sec14p Sfh1 E126A Sfh1 Y113C 

ΔHp-p Aout=A|| Ain Sapp A┴
 Seff ΔHp-p Aout=A|| Ain Sapp A┴

 Seff ΔHp-p Aout=A|| Ain Sapp A┴
 Seff 

5 0.15 30.28 8.30 0.77 8.43 0.74 0.19 30.16 7.87 0.78 7.96 0.77 0.14 29.10 6.84 0.78 6.93 0.82 

7 0.20 27.98 8.32 0.69 8.70 0.68 0.18 29.90 8.40 0.75 8.59 0.72 0.15 29.77 6.76 0.81 6.75 0.84 

10 0.19 25.15 8.90 0.57 9.54 0.56 0.18 29.18 8.60 0.72 8.89 0.69 0.19 28.44 7.58 0.73 7.83 0.75 

12 0.21 24.00 9.83 0.50 10.59 0.47 0.17 29.80 8.96 0.73 9.22 0.68 0.18 29.45 7.73 0.76 7.90 0.76 

16 0.18 30.27 8.60 0.76 8.76 0.72 0.23 28.70 10.20 0.65 10.67 0.58 0.22 29.06 9.14 0.70 9.49 0.65 

 

 

 

 

 

 



 

42 

Another important parameter is the effective order parameter, S
eff

.  An order 

parameter describes the anisotropy of motion of a spin label (48, 49).  An order parameter 

approaching 1.0 reports highly anisotropic probe rotation. It is expressed as 

S
eff
  

(A  -A )Ao
1

3
(A   A )ΔA

                                                                                                                    (2.1)       

where A0 is the isotropic nitrogen hyperfine coupling constant, ΔA is the maximum extent of  

the axial nitrogen hyperfine anisotropy,   A|| = Aout that reports motion around z-axis of 

nitroxide probe , and A┴ is given by  

A┴ = Ain + 1.32 + 1.86 log (1 -S
app

),   S
app

 > 0.45                                                                (2.2)                                             

or     

A┴ = Ain + 0.85, S
app

 < 0.45                                                                                          (2.3)                                                                                                                          

where S
app

 is the apparent order parameter and is expressed as 

S
app
  

(Aout-Ain)

ΔA
                                                                                                                       (2.4) 

The values for Ao = 15.18 G and ∆A  28.53G used in these calculations were 

obtained using the results published before  (48, 49).  Results of analysis are summarized in 

Figure 2.7 b through d and Table 2.1.  

These data for Aout demonstrate that the motion of the lipid that could be described as 

“wiggling” of the lipid chain is slower for  PC lipid incorporated into Y113C than for lipid 

bound to Sec14p, but mobility is somewhat  recovered for lipid incorporated into Sfh1 

E126A. It is also observed that for both mutants the Aout remains almost constant, while for 

Sec14p the “wiggling” motion increases along the chain but it decreases at position 16, 

indicating that the tale of the lipid is stack against the floor of the lipid-binding cavity. Trend 
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in Ain is pretty similar for both Y113C and E126A; however the absolute values of Ain for 

E126A are closer to one observed for Sec14pdemonstarating that motion of lipid within 

E126A is similar to motion of the lipid bound to Sec14.  The order parameter shows higher 

values for PC lipid bound to Sfh1 mutants than to Sec14p for all label positions except 

position 16. Nevertheless, the trend for Sfh1* showed a decrease of the anisotropy of lipid 

motion for E126A as compared to Y113C, while lipid bound to Sec14 shows the least 

anisotropic motion.  

 The information obtained by calculating the characteristic motion parameters helps 

to understand how Sfh1 mutants bind labeled lipids. The mobility of the lipid chain bound 

inside the protein cavity for both mutants Y113C and E126A is highly restricted, and the 

motion is highly anisotropic with rotational correlation times of less than 10ns. Increase in 

mobility was accompanied by lower anisotropy of the motion at this position.   



 

44 

 

 

Figure 2.7: Motional characteristics and order parameters of the spin label as a function of the label position in the n-doxyl-PC lipids (n= 5, 7, 10, 

12, and 16) for Sec14p WT (― ―), E126A (― ―) and Y113C (― ―) 

20

22

24

26

28

30

32

0 5 10 15 20

A
o

u
t

=
 A

||
, 
(G

)
6

7

8

9

10

11

0 5 10 15 20

A
in

, 
(G

)

0.4

0.5

0.6

0.7

0.8

0.9

0 5 10 15 20
S

e
ff

0.1

0.15

0.2

0.25

0 5 10 15 20

∆
H

-1
p

-p
, 
(G

-1
)

Label Position, n Label Position, n 



 

45 

2.4. Conclusions  

 

 The binding experiments described here provided a significant insight in the 

mechanism of lipid binding by the two Sfh1 mutants studied.  Specifically, it was found that 

Sfh1 WT does not bind spin-labeled PC’s indicating a lack of free space within the cavity to 

accommodate the lipids’ modified acyl chain. Y113C mutation partially restores binding of 

10-and 12-doxyl-PC and fully restores binding of 16-doxyl-PC.  Tyrosine (hydropathy index 

of 1.3) to cysteine (hydropathy index of 2.6) mutation reduces polar interactions in the 

hydrophilic patch and increases available free space. Similarly, E126A mutation (negatively 

charged glutamic acid, -3.5 to a much smaller, neutral alanine, 1.8) reduces polar interactions 

and provides more room to accommodate the spin-labeled tail of the lipid. Both mutations 

provide for an increased mobility of the bound lipid as observed by the changes in the order 

and mobility parameters, with PC lipid bound to E126A mutant being more mobile than in 

Y113C and approaching that of Sec14p. 

It has been directly shown that resurrection mutants bind spin-labeled lipid and that 

the increase in dynamics of the lipid inside the protein cavity correlates with an increase in 

Sec14-like function of the mutant.  The capability of Sfh1* to load with n-doxyl-PC into the 

hydrophobic pocket is not likely due to relief of steric problems associated with 

accommodating the spin label within the hydrophobic pocket. Such effect was observed for 

label position removed from the mutation sites.  The latter finding supports a hypothesis that 

Sec14-like function relates to the ability of the protein to cycle phospholipids into and out of 

the protein interior.  Increases in the free space around the hydrophilic patch permits for an 
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increased dynamics of water molecules observed at the patch by EPR and x-ray.  This 

supports our early hypothesis  that Sec14p drags water molecules with the PL to achieve 

polarity balance (29).  

Results of the kinetic study are also easy to understand considering the location and 

nature of the mutations.  E126A provides the same free space for the label at position 16 as 

WT protein and shows highly restricted motion of the label at position 16.  At this position 

motion of the label is the most restricted compared with the other positions of the label, in 

agreement with less space available for label.  The least space would result in higher steric 

restrictions for binding and lower observed binding rate.  Y113C mutation removes steric 

restrictions on 16-doxyl-PC binding, resulting in faster binding kinetics. 
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CHAPTER 3:  

Accessibility of Phosphocholine Lipids to Water Soluble Agent (Ascorbic 

Acid) upon Binding to Sec14p  

 

 

3.1. Introduction 

 

Sec14-like proteins are localized in all eukaryotic genomes sequenced to date (15).   

The function of this protein family is  to regulate the interface between phospholipid 

metabolism and membrane trafficking (19). In-vivo studies showed PC and PI binding are 

both required for Sec14p in-vivo function. The kinetics for PC exchange is slower than for PI 

and PI is more selective than PC (34).  

EPR experiments performed with n-doxyl-PC::Sec14p complex showed PC lipid is 

strongly immobilized in the Sec14p phospholipid-binding pocket.  Recently obtained crystal 

structures demonstrated that PC lipid is bound more “deeper” inside the protein pocket than 

the predicted PI binding site (3). Furthermore, experiments performed by Dr. T. G Chadwick 

and Prof. T. Smirnova to study the local polarity environment of the protein by high field 

EPR showed  that in solution PC bound to Sec14p  is most probable to adapt a “closed” 

structure (50). This lipid:: protein complex has a headgroup-out orientation with the lipid tail 

at the cavity “floor”.  Sec14p phospholipid binding pocket offers a polarity gradient that was 

proposed to be the primary thermodynamic factor that activates the phospholipid transfer. 
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These experiments suggest that water molecules can be “dragged” with the lipid to provide 

polarity match and offset the energy cost (50). 

Accessibility measures of the spin-labeled PC lipids to ascorbic acid during lipid 

exchange in the presence of the lipid bilayer were conducted to demonstrate whether the 

protein forms a “tight seal” at the membrane surface or exposes PC lipid to a solvent during 

the transfer that could allow for a potential reaction with enzymes.  The experiments 

consisted of the addition of a nitroxide reducing agent to n-doxyl-PC, (n = 5, 7, 10, 12, and 

16) LMVs in the presence and  absence of the protein.  EPR experiments were performed to 

monitor the changes in the double integral signal intensity when the nitroxide reacts with the 

reducing agent, ascorbic acid. The analysis of the rate constants of reduction of n-doxyl-PC is 

used to compare accessibility of the label to the reducing agent during lipid transfer from the 

liposome to protein.   

 

 

 

3.2. Materials and Methods 

 

Materials and reagents: Nitroxide-labeled PC species, n-doxyl-PC (n= 5, 7, 10, 12 and 16), 

were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) as chloroform solutions. 

Sec14p was provided by our collaborator Prof. Vytas Bankaitis (Texas A&M).  Phosphate 

buffer, 50mM, at pH= 6.8 with 300mM of NaCl and 1mM NaN3 was used to prepared n-

doxyl-liposomes.  
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Multilamellar liposomes preparation (LMVs): LMVs composed of 100% of n-doxyl-PC 

(10mM) were prepared in 50mM phosphate buffer with 300mM of NaCl and 1mM NaN3 

pH=6.8 as following. Corresponding amount of chloroform stock solution of n-doxyl-PC 

lipids was pipetted into a conical vial. The chloroform was removed initially by flushing 

nitrogen gas into the sample and further by keeping the sample under vacuum overnight.  The 

lipids were then reconstituted in buffer and LMVs were prepared by 10 freeze-thaw cycles by 

introducing the vial containing the sample into liquid nitrogen and thawing the sample by 

depositing the vial into water at 35
o
C.  

 

EPR experiments: For EPR experiments, 10mM LMVs were mixed with 80 µM of Sec14p 

solution and incubated for 2 to 3 hours at room temperature. Samples were drowned into 0.6 

mm x 0.84 mm capillary quartz tube. Sequential CW X-band (9.0-9.5 GHz) EPR spectra 

were acquired with a Century Series Varian E-109 (Varian Associates, Palo Alto, CA) and 

digitized to 2000 data points/ spectrum. Spectrometer settings were as follows: microwave 

power 2 milliwatts, scan range of 160 G, field modulation frequency 100 kHz, and amplitude 

of 4G to avoid over modulation.  Samples were kept under anaerobic conditions. The 

temperature of all experiments was maintained at 22ᵒC using a temperature controller, 

designed and built in-house (Alaouie and Smirnov in 2006). Each sequence was averaged for 

5 minutes. Then, Sec14p: PC complex was mixed with 10mM of reducing agent, ascorbic 

acid, and sequential EPR experiments with the same conditions and parameters were 

performed.  
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3.3. Results 

 

Ascorbic acid is used to reduce nitroxides to their corresponding non-paramagnetic 

amine. Reduction of the nitroxide by ascorbic acid is predominantly limited to the aqueous 

phase and the lipid-protein interface. Ascorbic acid permeates from the aqueous phase to the 

membrane and reduces the spin label incorporated to the membrane(51), thus it is used to 

determine the location of the nitroxide in the lipid membrane. EPR has been used as a 

technique to study the reaction with ascorbic acid because during the reduction the intensity 

of the nitroxide spectrum is going to decrease as a function of time the time making it 

possible to study the kinetics of reduction of the nitroxide in the system.   

The experiments described in this chapter consisted of the measurements of the intensity 

of EPR spectra recorded automatically every 5 minutes for 8-10 hours under anaerobic 

conditions in order to prevent re-oxidation of the nitroxide. The accessibility was determined 

as a function of the position of the nitroxide spin label on the PC tail in the presence and 

absence of Sec14. 

In a control experiment, ascorbic acid was added to 100% spin labeled LMVs to account 

for the EPR signal reduction due to diffusion of the reducing agent into the bilayer (Figure 

3.1a)). Spectra from n-doxyl-PC without ascorbic acid showed a single line with a peak-to-

peak width of approximately 25-27 G, depending on the position of the label and were 

simulated as a Lorentzian function using EWVOIGHT.  EPR kinetic decay curves shown in 

Figure 3.2 were plotted using double integral values obtained from the simulated spectra in 
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the first 3.3 hours of experiment. The rate constant, k, was obtained from the regression fit of 

the plots. The plot was fitted with a single exponential equation:  

                                                                                                         (3.1) 

where IEPR corresponds to the double integral values for each point of time,  I0 is the double 

integral value from EPR spectra at equilibrium, t is the time in minutes, and k  is the rate 

constant (7). The kinetic decay curves for the control experiments fit properly to the single 

exponential equation, indicating a single kinetic process. The rate constants obtained for n-

doxyl-PC  decreased with the position of the label, because the rate of reduction with 

ascorbic acid reduces with increase in the depth of the label.  If the label is located deeper in 

the liposomes, k is smaller. The results are shown in Figure 3.2 and Table 3.1 for control 

experiments and are in agreement with this observation.  

In the presence of Sec14p different pattern for the decay is observed (Figure 3.1, 

Figure 3.2 and Table 3.1). The double integral plotted as a function of time for 5, 10, 12 and 

16-doxy-PC decreased in the presence of the protein (Figure 3.2, open squares).  The label at 

position 16 showed a k of 0.0167 min
-1

, value bigger than for the liposomes, k for LUVs was 

0.002999 min
-1

. At position 5 we observed decreases in the values for k compared with 

LMVs. Label localized at position 7 did not perturb the lipids when it is in the presence of 

Sec14, the values for 7-doxyl-PC and the complex are similar. At position 10 and 12 we 

observed faster reduction compared to LMVs. In the previous work (50) it has been shown 

that the acyl chain of PC lipid sequestered by Sec14p is essentially inaccessible to water 

soluble molecules with exception of the label at position 16.  Significant increase in the rate 
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constants observed for labels at positions 10, 12 and 16 indicates that the lipid molecule 

becomes exposed to the reducing agent during the lipid transfer. 

  

 

 
Table 3. 1: Rate constant (k) values for n-doxyl-PC liposomes and n-doxyl-PC::Sec14p complex 

Position of label 

(n) 

n-doxyl-PC 
Sec14p::n-doxyl-PC 

complex 

k (min
-1

) 1/k (min) k (min
-1

) 1/k (min) 

5 1.11x10
-2 

90.1 6.98 x10
-3

 143.2 

7 7.79x10
-3

 128.3 7.39 x10
-3

 135.4 

10 5.12x10
-3

 195.4 5.79x10
-3

 172.7 

12 3.98x10
-3 

250.9 5.63x10
-3 

177.6 

16 3.00x10
-3

 333.4 1.17 x10
-2

 85.69 
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Figure 3.1: X-band CW EPR spectra at 22
o
C for a) 10mM n-doxyl-PC and b) 10mM n-doxyl PC in the presence of 80µM Sec14p and 10mM 

ascorbic acid. The values for k were calculated from results obtained during the first 200 minutes.  
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Figure 3.2: EPR kinetic decay curves of the reduction of n-doxyl-PC ( ) and n-doxyl-PC in the presence of 

Sec14p ( ) by ascorbic acid. a) 5-doxyl-PC, b) 7-doxyl-PC, c) 10-doxyl-PC and d) 16-doxyl-PC. Data points 

were obtained from double integrals. The plots were fitted using a single exponential equation.   
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  Figure 3.3 shows the inverse reduction rate constant (1/k) for the experiments 

performed. As mentioned before, the label localized at positions 5, 12 and 16 showed 

significant changes in the values of the reduction rate. The reduction occurred faster at 

position 10, 12 and 16, while in position 7 formation of the lipid-protein complex did not 

change accessibility of the label. At position 5 a decrease in the value for the reduction rate 

constant was observed; however, a significant contribution from non-exponential (linear) 

component was detected resulting in higher loss of EPR intensity than in the absence of 

Sec14p. 

 

 

 

 

Figure 3.3: Inverse of the EPR rate constants are plotted as a function of the position of the nitroxide 

labels. Control experiment is represented with  and n-doxyl-PC in the presence of Sec14p is shown with 

 . Linear regression for control experiment gives an equation of y= 22.53x-25.64.  

, 
m

in
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3.4. Conclusions 

 

The study of the accessibility of ascorbic acid had as objective to study the reduction 

rate constant for n-doxyl-PC bound to Sec14p. We first study the reduction rated for n-doxyl-

PC LMVs. The decay in the EPR signal demonstrated the reduction depends upon the depth 

of the nitroxide probe within the bilayer. The ascorbic acid accessibility to the nitroxide 

decreases as the label is moved from the aqueous phase in the direction of the hydrophobic 

tail. The changes in the reduction rate observed upon addition of the protein indicate the 

lipids are exposed to ascorbic acid during the lipid transfer at the label location at C5 and C12-

C16 of the hydrophobic chain. This data can indicate potential PC exposure for a reaction with 

kinase.  
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CHAPTER 4:  

Structure, Dynamics, and Membrane Binding of Nodulin Peptides 

 

 

4.1. Introduction 

 

Sec14-like PITPs from plants share 36% to 64% similarity with yeast Sec14. They 

play an important role in plant growth and development, cellular responses to environmental 

stimuli, membrane trafficking and root hair biogenesis (35-37). These proteins contain Sec14 

domain connected with nodulin-domain or gold-domain. Sec14-nodulin domain PITPs are 

involved in specific temporal expression in nodulation and transcriptional regulation (14, 32, 

38, 39). The physical linkage between Sec14 domain and a nodulin domain is proposed to be 

involved in the polarized membrane trafficking program (26).  

Evidence reviewed by Ghosh and Bankaitis, 2011, suggests that AtSfh1 Sec14-

nodulin protein, operates as a complex “nanoreactor” that stimulates the synthesis of PIP2 on 

either growing or matured vesicles from trans-Golgi-network (26) (Figure 4.1). It has been 

hypothesized that Sec14-nodulin promotes the formation of PI-4-P2 and  

phosphatidylinositol-4,5-bisphosphate (PIP2) pools by either (26) : 

− direct prompt of PI-4-OH kinases activity or 

− stimulation of root hair phospholipase D (PLD). 
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The mechanism presented in Figure 4.1 shows that PIP2 pools facilitate in the 

formation/stability of an on-demand tip directed actin network in the vesicle rich zone (VRZ) 

and this coupling fosters polarized membrane transport to the root tip. The polarized delivery 

of PIP2 rich secretory vesicles on root hair plasma membrane helps Ca
2+

 gradients that 

organize microtubules (MTs) in a polarity maintenance mode for root hair growth. It has 

been suggested that  a fine spatial organization of PIP2 pools is achieved by Sec14-nodulin 

modular proteins, where the Sec14 domain (red) stimulates PIP2 synthesis by stimulating PI4-

OH-kinases and the nodulin domain (brown loop structure) sequesters the PIP2 by high 

affinity nodulin-phospholipid interactions (8).  

To understand the mechanism of regulation, we investigated the interactions of model 

biological membranes with nodulin peptides (NOD) mimicking the sequence of nodulin 

domains thought to be responsible for targeted membrane binding (Table 4.1 and Figure 4.2).  

The binding of three peptides from three different PITPs to model phospholipid membranes 

had been investigated in order to evaluate the mode of peptide-membrane interaction and to 

probe lipid specificity.  The peptides used represent nodulin sequences of root specific 

AtSfh1p (NOD1 peptide) pollen specific AtSh3p (NOD3 peptide), and ubiquitous AtSfh7p 

(NOD7 peptide). It has been shown that in-vivo AtSfh1p demonstrates high PIP2 selectivity 

(26). The observed trends in peptide-membrane interactions were related with protein 

membrane specificity detected in-vivo. We probed NOD peptides binding to LUV of various 

lipid compositions in order to elucidate contributions from hydrophobic, non-specific 

electrostatic, and specific binding interactions and to test whether NOD1, the peptide 

mimicking AtSfh1p shows specificity toward PIP2. Binding experiments were designed to 
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test the hypothesis that in addition to electrostatic interactions, binding to PIP2 containing 

membranes is more complex and specific to PIP2.  

 

 

 

 

Figure 4.1: Mechanism of Sec14-nodulin protein in polarized membrane trafficking during root hair 

growth in plants. Reprinted with permission from reference (26). AtSfh1p behaves as a “nanoreactor” 

responsible for stimulating the synthesis of PIP2 from trans-Golgi-network. Similar to Sec14-like in yeast, 

Sec14 domains stimulate PIP2 synthesis by stimulating PI4-OH-kinases and the nodulin domain 

sequesters the PIP2 by high affinity nodulin-phospholipid interactions (26). Copyright © 2011 

International Union of Biochemistry and Molecular Biology, Inc. 

 

 

The binding of these peptides to LUVs of different compositions was studied by SL- 

EPR, dynamic light scattering (DLS), pulse EPR and isothermal titration calorimetry (ITC), 

The data were analyzed using a comprehensive model that includes a description of 

electrostatic interaction using the Gouy-Chapman theory. Substantial differences in binding 

behavior of these charged peptides were observed despite the similarity in the sequences.  
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Figure 4.2: Sec 14-nodulin PITP family in A. thaliana. a) Diagram of the general domains arrangements 

presented. b) Alignment of the half C-terminal from the AtSfh-proteins containing the sequence of the 

peptides used in this research. Glycine (G) in AtSfh1p and ArSfh3p and methionine (M) in AtSfh7p were 

substituted for cysteine (C). 

 

 

 
Table 4. 1: Sequences and properties of NOD peptides used in this study. The native glycine in NOD1 and 

NOD3 and the native methionine in NOD7 were substituted for cysteine. 

Protein NOD Sequence Length Charge 
Hydropathicity 

index 

Aliphatic 

Index 
pI 

AtSfh1p NOD1 KKKKKKKLFFCF 12 7 -1.050 32.50 10.41 

AtSfh3p NOD3 KKKKKKKFFCF 11 7 -1.491 0.0 10.41 

AtSfh7p NOD7 KKNKKKRCFFRF 12 7 -1.758 0.0 11.22 

 

 

 

a) General domains arrangements 

Sec14p Nodulin

domainAtSFHp

1-8, 14

9, 10, 12, 13

b) Alignment of the C- terminal

Hydrophobic 

domain

AtSfh1p: KRMAELEDKC  MFLDLKPAHV  ESEKEEKLQA   ALNRVQVLEQ  ELTEKKALE     EALVSQKEIL     AYEIEKKKKKK KLFFGF

AtSfh3p: KRMAELEEKC  RSLDNQPAAF  SPEKEQILTA     ALSRVDELEL   QLAQTKKTLE  ETMATQHVIM   AYIDKKKKKKK KFFGF

AtSfh7p: KRMAELEEKY  KSLDSKSADE   ALEKDDKLQA  ALNRVQVLEH  ELSETKKALD   ETMVNQGIL     AYEIEKKKKKK RMFFRF
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4.2. Materials and Methods 

 

 

Materials and reagents: NOD1 (KKKKKKKLFFCF) was synthesized by RS Synthesis 

(Louisville, KY), NOD3 (KKKKKKKFFCF) and NOD7 (KKNKKKRCFFRF) were 

synthesized by GenScript (Piscataway, NJ). Lipids used in this study (Scheme 4.1) were 

purchased from Avanti Polar Lipids (Alabaster, Al) as chloroform solutions. Spin label [1-

oxy-2, 2, 5, 5,-tetramethyl-D-pyrroline-3-methyl] methanethiosulfonate (MTSL) was 

synthesized by Dr. Maxim Voynov at North Carolina State University. Calcein (2,4-bis(N,N-

di(carboxymethyl)aminoethyl)fluorescein) was purchased from Sigma-Aldrich (St. Louis, 

MO) and was used without further purification. MOPS buffer with concentrations of 100mM 

and 400mM containing  100mM KCl pH 7.0 was prepared using 18MΩ water.  

 

Preparation of large unilamellar vesicles (LUV) for EPR and ITC: LUVs were prepared as 

follows. A corresponding amount of chloroform stock solution of lipids was pipetted into a 

conical vial and chloroform was removed initially by flushing nitrogen gas and further by 

keeping the sample under vacuum, overnight.  The lipids were then reconstituted in 100mM 

MOPS buffer containing 100mM KCl at pH=7.0. Multilamellar lipid vesicles (MLV) were 

prepared by 10 freeze-thaw cycles (freezing the sample by dipping the vial containing lipids 

into liquid N2 and thawing the sample by dipping it into water at 40
o
C). Then, the MLV was 

prepared by extrusion through 100nm filters (Avanti mini extruder). 
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Scheme 4.2: Structures of lipids used in the investigation. . The structures for n-doxyl-PC lipids are 

shown in Chapter 2, Scheme 2.1. 

 

 

 

Preparation of LUVs for fluorescence experiments: LUVs with concentration of 40mM 

were prepared as described above; however, they were hydrated with 100mM MOPS 

containing 11mM calcein. Calcein was added before the formation of LUVs to maintain the 

same concentration inside and outside of the membrane. After extrusion, free calcein was 

removed via size exclusion chromatography (SEC) on Nap5-Sephadex G25 and elute with 

100mM MOPS buffer, pH=7.0.  

 

Spin labeling of NOD peptides: Corresponding amounts of nodulin peptides were weighted 

and dissolved in water to prepare 3mM solutions.  These solutions were mixed with 12mM of 

MTSL dissolved in acetonitrile and incubated for 4 hours at room temperature followed by 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 

POPC

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 

(sodium salt), POPS

L-α-phosphatidylcholine (95%) (Egg, Chicken), Egg PC1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol-

4',5'-bisphosphate) (ammonium salt), PIP2

L-α-phosphatidylinositol-4,5-bisphosphate (Brain, 

Porcine) (ammonium salt), Brain PIP2

L-α-phosphatidylserine (Brain, Porcine) (sodium 

salt), Brain PS
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overnight incubation at 4
o
C.  The excess of spin label was removed by HPLC using C18 

reverse phase column, obtained from Sigma Aldrich (St. Louis, MO). The peptide solution 

was injected into the column and run through solvent mixture of water with 0.065% 

trifluoroacetic acid and acetonitrile with 0.065% trifluoroacetic acid. See Scheme 4.3 for 

reaction process.  

 

 

 

 

Scheme 4.3: Site directed spin labeling with MTSSL. 

 

 

  

Dynamic light scattering (DLS): DLS experiments were conducted using Zetasizer Nano ZS 

Range instrument (Malvern Instruments, Worcestershire, UK). The measurements were 

collected using backscattering angle (173
o
). At this angle, the contribution from larger 

particles is minimized and the effect of multiple scattering is reduced. Experiments were 

conducted at the temperature range of 4
o
C  to 25

o
C. The water refractive index (RI) used was 

1.33 and viscosity of 0.8872 cP. The material refractive index was 1.59. Each sample was 

incubated for ten minutes inside the instrument chamber to reach the required temperature 

and 3set of measurements were taken. The data were analyzed using the Zetasizer Nano 

software.  
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Titration experiments using CW-EPR: LUVs were mixed with required amount of peptide 

solution (50µM to 1000µM) and slightly vortexed for 5 minutes. The samples were drowned 

into quartz capillary tubes. CW X–band (9.8 GHz) EPR spectra were acquired using Elexsys 

E500 (Bruker, Billerica, MA) equipped with a high sensitivity resonator at room temperature 

and digitized to 1024 data points per spectrum. Spectrometer settings were as follows: 

microwave power of 2mW, scan range of 100G, field modulation frequency of 100 kHz, 

modulation amplitude between 0.2 and 0.3G depending on the overall line width, and time 

constant of 20.48 ms.  

 

X-band pulse saturation recovery experiments: Saturation recovery method was used to 

study the oxygen accessibility by measuring the spin-lattice relaxation time, T1, of nitroxide 

label. In order to obtain a profile of the oxygen accessibility and to measure the effect of 

NOD peptides binding on bilayer structure, measurements were conducted on 100nm LUVs 

doped with 1% n-doxyl-PC (n=5, 7 and10. Refer to chapter 2 for  lipids structures) with and 

without nodulin peptides. A second experiment measuring the oxygen accessibility to MTS-

labeled nodulin peptides bound to LUVs was completed to study the position of the nitroxide 

label with respect to LUVs . EPR samples were transferred to a gas-permeable tube. Samples 

were equilibrated at room temperature inside the resonator filled with nitrogen gas or air for 

25 minutes to ensure equilibration of the sample with nitrogen or oxygen. Measurements 

were performed in an E580 Bruker EPR with an X-band ER4118X-MS3 resonator. Pulse 

duration for these peptides was between 0.5µM to 3µs. The recovery time was analyzed 

using either single exponential decay with a linear component or bi-exponential decay.     
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Isothermal titration calorimetry: ITC measurements were conducted using Nano ITC low 

volume instrument (TA instruments, New Castle, DE). The instrument consists of one 

reference and experimental cell and one burette. The reference cell was filled with the buffer 

(degased) used to prepare the experimental samples.  The cells were filled with 300 µl of the 

degased solution, where 170µl is the effective volume of both cells.  The solutions were 

degassed under vacuum using the degassing system attached to the calorimeter. Two 

different experiments were performed. The first one consists of the titration of lipids into 

solution of nodulin peptides. To serve as a control experiment, lipids were injected into the 

buffer. This experiment provides the binding isotherm. The second experiment was used to 

obtain the molar enthalpy of binding. In this experiment, solution of nodulin peptide was 

injected into lipid dispersion. In control experiment, the solution of nodulin peptide was 

added into buffer. Both control experiments gave the corresponding heat of dilution. The data 

were acquired using Nano ITC Run Software. The titration experiments were conducted at 

25
o
C, with a stirring rate of 250 rpm or 350 rpm with incremental injections as specified.  

  

Preparation of LUVs encapsulated with calcein and fluorescence experiments: LUVs with 

concentration of 40mM were prepared as described before; however, they were hydrated 

with 100mM MOPS containing 11mM calcein. Calcein is added before the formation of 

LUVs to maintain the same concentration inside and outside of the membrane. After 

extrusion, free calcein was removed via size exclusion chromatography (SEC) on Nap5-

Sephadex G25 and elute with 100mM MOPS buffer, pH=7.0. Fluorescence measurements 

were performed using spectrofluorometer, PTIQM40 (Birmingham, NJ). Calcein intensity 
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was monitored using an excitation wavelength of 480 nm, and emission wavelength range 

from 495 to 580 nm. The excitation and emission slits were set at 2 nm and 0.25nm, 

respectively. 

 

 

 

4.3. Results 

 

 

Lipid-peptide interactions follow a model of physical adsorption process consisting of a least 

three molecular steps (9). These steps are: 

i. The electrostatic attraction of the peptide to charges or dipoles of polar headgroups of 

phospholipids. As a result the concentration of the peptide at the membrane surface is 

higher than the bulk concentration of peptide in solution. To understand and 

quantified the contribution for the electrostatic interactions the modified Gouy-

Chapman model was used. This model is explained in more details through the 

results.  

ii. The penetration of the peptide into the headgroup region if it did not remain 

electrostatically absorbed. This process could be enthalpy driven or entropically 

driven. 

iii. The insertion into the lipid could be accompanied by a conformational change of the 

peptide.  
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The experiments performed here were design to study the possible mechanism of binding for 

nodulin peptides to lipids. The use of DLS, EPR and ITC are going to showed if the 

NODx::LUVs binding is due to pure electrostatic interaction, hydrophobic penetration or 

both.  

 

 

4.3.1. Study of LUVs size distribution through dynamic light scattering. 

 

DLS, also known as photon correlation spectroscopy, measures the Brownian motion 

of a particle and relates this to the size of the particles by illuminating the particles with a 

laser and analyzing the intensity fluctuations in the scattered light. Aggregation and stability 

of liposomes in the presence of peptides or proteins could be determined by monitoring 

changes in the size of LUV.  DLS could be run at low concentrations; however, it is 

important to make sure that measurements are done on at least 1000 particles in order to 

obtain the best intensity values possible. 

 

  

4.3.1.1. LUVs size distribution at 25
 o
C 

 

Initial DLS measurements were conducted to determine the optimal concentration of 

lipids needed to measure NODx peptide binding. The study was performed using 

concentrations from 0.03mM to 32mM of 100nm POPC. The z- average diameter size of 
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POPC LUV was determined to be 122.7nm. The DLS measurements showed that for LUV 

suspensions with concentration of 8mM egg PC or lower, the experimentally measured 

diameter sizes were closer to expected 100 nm (Figure 4.3) and that there was no second 

component presented. No measurable changes in the vesicle size were detected for lipid 

concentration between 30µM and 8mM.  

After studying the changes of the diameter size with different concentration of egg 

PC, the changes in LUVs size with the addition of nodulin peptides were monitored.  These 

experiments were completed using 0.250mM and 7.5mM egg PC vesicles. The addition of 

NOD1 did not show any interaction affecting the size of LUV (Figure 4.5a and Figure 4.5). 

The results for both 0.250mM and 7.5mM were 119nm. Similar behavior was observed with 

the addition of NOD3 and NOD7 into egg PC or POPC systems (Figure 4.4a).  

LUVs composed of egg PC: 4% brain PS or POPC: 4%POPS with total lipid 

concentrations of 7.5mM have a mean diameter of ~131nm (Figure 4.4b). DLS experiments 

showed that addition of NOD3 peptide to egg PC: 4% brain PS LUV decreased the mean 

diameter of LUV from 131 nm to 126nm for the peptide to the available lipid ratio of 1:150. 

It is not a significant change in the value of the z-average because it is in the error range of 

the instrument; though, the size distribution of LUV is narrower in the presence of NOD3. 

The addition of NOD1 at ratio up to 1 to 75 lipids did not induce changes in the size of the 

liposomes. Nevertheless, at peptide to lipid ratio of 1 to 12 larger particles were forming and 

precipitation of lipids was visible. The precipitation of NOD1/4%POPS started to be visible 

at ratios of 1 peptide to 30 peptides in the surface (data not shown). Addition of NOD7 did 

not affect the size of LUVs. 
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Figure 4.3: Results of DLS measurements for unilamellar egg PC at different concentrations. a) Size 

distribution of egg PC at 25
o
C. b) Z-average diameter size for experiments performed. 
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Figure 4.4: Effect of NOD peptides binding on the size of LUVs as measured by DLS. LUV size distribution before and after addition of 25µM of 

NOD1 (
____

), NOD3 (
____

) or NOD7 (
____

) peptides to 7.5mM suspension of LUV consisting of a) POPC; b) POPC: 4%POPS; c) POPC: 1%PIP2 and 

d) POPC: 3%PIP2. Addition of peptides at a ratio of 1 peptide for every 150 lipids available at the surface of LUV did not show any changes in the 

size of LUVs studied.  The addition of NOD1 to LUVs composed of 3%PIP2 induced the formation of larger particles and caused precipitation of 

lipids. The formation of aggregates and precipitation was also observed upon NOD1 binding to POP: 4%POPS and POPC: 1%PIP2 liposomes at 

higher concentration of NOD1 added.  
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Figure 4.5: LUVs size distribution as measured by DLS experiments. The plot shows the results for 

7.5mM LUV composed of egg PC (
_______

) and NOD1 bound to 7.5mM of egg PC  at concentrations of 

25µM (
_______

), 50µM (
_______

) and 101 µM (
_______

) corresponding to the molar ratios of lipid to peptide 150, 

75, and 37.  

 

 

  

LUVs composed of egg PC or POPC with 1 and 3 molar percent brain PIP2 showed a 

diameter size of ~133.7nm, similar to the values obtained for liposomes composed with egg 

PC and egg PC/4% brain PS (Figure 4.4c and d). The changes in the LUVs size and 

distribution upon addition of NOD1, NOD3 and NOD7 were also studied. Addition of NOD3 

and NOD7 did not result in a measurable change in the size of LUVs or in size distribution. 

The addition of NOD1 resulted in aggregation of liposomes producing polydisperse particles 

with an average size of ~2140 nm for the POPC: 3% brain PIP2 (Figure 4.4d). When the 

sample containing NOD1 and POPC: 3% brain PIP2 LUVs was removed from the instrument, 

the lipids had been precipitated out of the buffer. The onset of precipitation was observed at 

peptide to lipid ratio around 1:320. The same behavior was observed in EPR experiments 
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with this peptide. The sample was stored overnight in a fridge at 4
o
C and the next day when 

it was removed from the refrigerator, the lipid precipitate was not presented as previously.   

 

 

 

 

Figure 4.6: Size distribution for unilamellar egg PC: 4% brain PS liposomes at various peptide to lipid 

ratios for NOD3 (left) and NOD1 (right).  
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4.3.1.2. Aggregation of LUV upon NOD1 binding can be reversed by lowering the 

temperature. 

 

The precipitated samples containing NOD1 bound to PC: 4% PS and PC: 3% PIP2 were 

incubated overnight at 4
o
C. After overnight incubation, no visible precipitate was observed in 

both samples. DLS measurements performed at 4
o
C (Figure 4.7) showed recovery of the 

liposomes at 4
o
C with the original size and size distribution. The reversible precipitation of 

LUV by NOD1 was studied in more details. 

The samples prepared to study the size distribution of lipids and aggregation of lipids 

with the addition of NOD1 and NOD3 as a function of temperature were composed of 1mM 

egg PC: 3% brain PIP2. In the experiments performed to study the effect of temperature with 

NOD1, the average size of the lipids and the mean count rate increased with the addition of 

NOD1 which was an indication of aggregation (Figure 4.8). The formation of larger particles 

or precipitation of lipids was not evident by visual inspection at first; conversely, the size of 

the liposomes increased an indication of lipids precipitation, what is consistent with the 

results obtained before (Figure 4.9).  It is interesting to note that NOD1 induces formation of 

larger particles at higher concentration of egg PC: 3% PIP2 (7.5mM) faster than for lower 

concentration of lipids (1mM) at the same ratios (Figure 4.7 and Figure 4.8). Because 

aggregation was presented with all of the concentrations of NOD1, the lowest concentration 

of NODx, 3.3µM, was chosen to study the effect of temperature in NODx bound to PC: PIP2. 
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Figure 4.7: DLS results for NOD1 bound to a) 7.5mM LUV composed of egg PC: 4% brain PS (1 peptide 

to 25 lipids per solution) and b) 7.5mM of egg PC:  3% brain PIP2 before and after incubation at 4
o
C.   

 

 

 

 
Figure 4.8: DLS measurements for 1mM unilamellar liposomes prepared from egg PC: 3% brain PIP2 in 

the presence of NOD1 at peptide to lipid ratios of 1:152 to 1:50 at 25
o
C 
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Figure 4.9: Effect  of NOD1 binding on the size of 1mM LUV formed from egg PC: 3% brain PIP2 as 

measured by DLS at 25
o
C.  

 

 

 

 
Figure 4.10: Temperature dependence on the average size of LUVs formed from egg PC: 3% brain PIP2 

and effect of NOD1 and NOD3 binding 
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 Figure 4.10 shows DLS results for 1mM egg PC: 3% brain PIP2 without peptides and 

in the presence of 3.3µM NOD1 or NOD3 as a function of temperature. The experiments at 

25
o
C showed that egg PC: 3% PIP2 had a z-average diameter size of ~130.7nm, with the 

addition of NOD3 the diameter size was ~131.5 nm and with NOD1 was ~151nm. 

Liposomes prepared from egg PC: 3% brain PIP2 presented the same distribution of LUVs at 

all the temperatures tested. The z-average diameter size of this type of liposomes decreased 

by 5nm, which is within the instrument error, thus there are not significant changes in the 

LUVs. This could be assumed because for a standard sample for DLS of 120nm the standard 

deviation is + 6 nm. NOD3 did not present any changes in the z-average diameter size for the 

temperature studied. Nevertheless, in the presence of NOD1 the changes in diameter and the 

mean count rate as a function of temperature were similar to the values obtained from pure 

LUVs. The same behavior was observed for 10µM NOD1 in 1mM egg PC: 3% brain PIP2. 

The results demonstrated the LUVs in the presence of NOD1 can be recovered by cooling the 

solution to 5
o
C.  

  Is it possible that binding of NOD1 induces changes in phase state of lipid bilayer 

causing changes in binding affinity of NOD1 peptide? To investigate this possibility, 

differential calorimetry experiments were performed and the results did not show any 

changes in the temperature of phase transition.  No phase transitions were observed at 

temperature above 0
o
C. 
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4.3.2. Interactions of NOD peptides with lipids as studied by spin labeling EPR. 

 

It is expected that electrostatic interactions should play major role in peptide-

membrane interaction and the binding energy should be strongly dependent upon membrane 

composition because of the positively charged lysine residues present in NODx peptides. The 

presence of hydrophobic phenylalanine residues should contribute significantly to binding 

and determine the membrane location and dynamics of bound peptides, since phenylalanine 

side chain is known to penetrate the phospholipid bilayer.  The interplay between the long-

range attractive Coulombic force between lysine side chains and negatively charge lipids, 

and the hydrophobic effect should control the energetics of peptide binding as well as the 

location of the peptide with respect to lipid bilayer.  Electrostatic contribution to the binding 

energy is expected to depend strongly on overall charge of the peptide, charge distribution 

and the fraction of negatively charged lipids.  The goal of this work was to measure binding 

interactions of NODx peptides with lipid bilayers of various compositions and to determine 

peptide location with respect to the membrane surface in order to evaluate differences in 

mechanism of peptide-membrane interactions in the presence of PIP2 lipids. 
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4.3.2.1. Determination of binding constants through peptide-into-lipids titration monitored 

by CW-EPR 

 

We have studied binding of NODx peptides to LUV of various compositions.  LUVs of 

100nm size were prepared from zwitterionic lipids POPC and POPC with addition of anionic 

lipids POPC: 4%POPS, POPC: 1%PIP2 and POPC: 3%PIP2. The percentage of PIP2 was 

chosen to correspond to the physiological composition of the cell membrane in plants.  The 

charge of PIP2 could vary between -3 to -5 depending on the pH and its interactions with 

proteins. For example at pH=7.0 the charge is expected to be -3; however,  the charge was 

determined to be -4 for PIP2 if PC/PIP2 vesicles produced in buffer containing 100mM KCl, 

pH=7.0 (52, 53). The charge of POPS is -1, thus we used POPC/POPS mixture containing 

4mol percentage of PS lipids to keep surface charge density comparable to that of LUVs 

made from POPC: 1%PIP2.  

 Spin-labeled-NODx peptides bind to LUVs, resulting in a two-component spectrum. The 

peptide bind to the lipids has more restricted dynamics than free peptide in a buffer, resulting 

in three line EPR spectrum that is broader than the one observed for free peptide in solution 

(Figure 4.11a). The experimental spectrum can be decomposed into two components, the free 

peptide in solution and peptide bound to lipids, by simulating both components using the 

fitting program EWVOIGTN (Figure 4.11b). First, simulations of NODx in aqueous 

solutions were performed to obtain a general idea of the dynamic of these peptides in 

solution and to evaluate parameters of unresolved hydrogen hyperfine. Then, the 

experimental spectrum from NODx in the presence of LUVs was modeled as a superposition 
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of two spectra: free peptide in aqueous phase and slower moving bound peptide. The line 

shape was modeled as the convolution of Lorentzian and Gaussian functions with explicit 

unresolved hyperfine splitting on one hydrogen nuclei as determined from the simulation of 

the free peptide spectrum. All spectral parameters were adjustable for both centers except the 

probability of 
13

C and the unique hydrogen hyperfine.  Figure 4.12 presents examples of 

different experimental and simulated EPR spectra obtained from 100µM, 200µM and 300µM 

MTSL-NODx in the presence of LUVs composed of POPC, POPC: 4%POPS, and POPC: 

1%PIP2 with total lipid concentration of 8% w/v (105mM). EPR spectra of the aqueous form 

of NODx peptides are characteristic of a nitroxide undergoing rapid (nanosecond) isotropic 

rotation and the bound peptide showed a motional broadening due to longer rotational 

correlation times. Even that the sequences of these peptides are similar there is significant 

differences in the spectra, indication of significant differences in the membrane binding.  The 

goal of the simulations is to obtain the fraction of peptides bound to lipids and other 

important parameters to understand the mechanism, dynamics and binding of NODx into 

LUVs. 
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Figure 4.11: Room temperature X-band CW EPR spectra obtained from: a) left: 50µM NOD3 in a buffer 

and right: 50µM NOD3 in the presence of POPC: 4%POPS LUV with total lipid concentration 8% w/v. 

b) Example of spectral simulations used to determine the free and the bound fraction of peptides.  
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Figure 4.12: Experimental intensity normalized (upper spectrum) and simulated (lower spectrum) room 

temperature X-band CW EPR spectra obtained from 100µM, 200 µM and 300µM MTS-labeled NODx a) 

NOD1 b) NOD3 and c) NOD7 in the presence of 8% LUVs composed of POPC (
______

), POPC: 4%POPS 

(
______

) and POPC: 1%PIP2 (
______

).   
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The simulations provide the relative intensity of free and bound components allowing 

calculation of the fraction of peptide bound to lipids, fb.  

   
                       

               
.                                                                                    (4.1)        

Values obtained for fb were used to calculate the concentration of free peptide in solution and 

the peptide bound to the membrane using known amount of the peptide added to the sample. 

The binding constants were obtained from the equilibrium of  

NODx   L ↔ NODx∙ L                                                                                         (4.2) 

Thus K is  

   
         

         
                                                                                                                (4.3)  

where [NODx] is the concentration of NODx peptides on the near membrane surface, 

[NODx∙L] is the concentration of peptide bound to the liposomes, and [L] is the 

concentration of lipids  available at the surface (taken as 50% of the total lipid concentration) 

because hydrophilic peptides bind only to the outer surface of LUVs.    

To analyze the data we used the modified Gouy-Chapan theory model, the isothermal 

binding analysis for charged peptide-membrane interactions. This model is based on the 

assumption that peptide partitions between aqueous phase are in close vicinity of the 

membrane surface and membrane phase; however, the concentration of the peptide near 

membrane surface is higher than bulk because of electrostatic interaction. These electrostatic 

interactions are taken into consideration using the Langmuir adsorption isotherm. In this 

model the binding constant for potassium, K
+
, ions to PS lipids is considered to be 0.5M

-1 
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(12) and the charges are assigned as following: 4
- 
for PIP2 and 1

- 
for POPS (11). Then the 

fraction bound can be expressed as 

   
        

   
                                                                           (4.4) 

where K is the partitioning equilibrium constant , CP,M the concentration of the peptide 

immediately above the membrane surface, a is the fraction of lipids accessible, np,bound is the 

concentration of peptide bound and nL the total concentration of lipids. The surface 

concentration of the peptide is related to the bulk concentration, Ceq , and the electrostatic 

surface potential, ψ0, via a Boltzmann distribution: 

              (       

  
)                                                              (4.5) 

where zp is the signed valence of the peptide, e0 is the elementary charge, T is the temperature 

and k the Boltzmann constant. The corresponding surface potential   can be determined by 

solving the Gouy-Chapman equation 

 

             ∑   (   {       
  

}   )                             (4.6) 

where  is the two-dimensional density of charge on the surface, ε0 is the permittivity of the 

free space, ε is the dielectric constant of the solution, R is the universal gas constant, F is the 

Faraday constant, ci is the concentration of the i
th

 electrolyte in the bulk aqueous phase and zi 

is the signed valency of the i
th

 species. A numerical solution for K,  , and CpM for each 

experimental data pair of Xb and Cfp was obtain by combining equations 4.4- 4.6 and 

calculating  from experimental values of Xb. The partition coefficient K=Xb/CpM describes 
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the hydrophobic binding or adsorption of the peptide and should be independent of the 

peptide concentration as long as the model is applicable. 

Results of EPR titrations are summarized in Table 4.2 and shown in Figure 4.13. The 

cationic peptides are expected to have stronger affinity toward membranes with negatively 

charged lipids, whereas the binding to neutral membranes is expected to be rather weak. 

Nodulin peptides bound to 8% POPC showed that at least 70% of the peptide added to the 

liposomes bound (Figure 4.12), while the addition of negative charged lipids to the liposomes 

resulted in higher fraction of peptides bound to the membrane. The binding curves for 

NOD1, NOD3, and NOD7 LUVs consisting of POPC lipids did not follow a simple 

partitioning that would manifest as linear dependence of Xb vs. free peptide concentration. 

However, the binding curves show the contribution of the electrostatic interaction due to 

local electric dipoles at the surface of the membrane; even that POPC membrane is overall 

neutral.    In the presence of POPC, a partition coefficient for NOD7 is the smallest one at 

23.6M
-1 

while NOD3 and NOD1 show higher affinity for POPC lipids with partitioning 

coefficient of 121.4M
-1 

and 105.2M
-1

 correspondently. These results consistent with a 

mechanism where NOD1 and NOD3 bind to POPC bilayer mostly through hydrophobic 

partitioning of phenylalanine side chains; nevertheless, some electrostatic interaction with 

electric dipole of POPC membrane contributes as well. Much lower partitioning constant 

observed for MTS-labeled NOD7 is due to positively charged arginine located between 

phenylalanine residues. That arginine (R11) prevents partitioning of side chains of 

phenylalanine residues F9 and F10 into a hydrophobic region of the membrane. The values 

of partitioning constants suggest that NOD7 is most likely located at the water-membranes 
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interface while MTS-labeled NOD3 and MTS-labeled NOD1 should have significant 

hydrophobic partitioning of the phenylalanine tail. 

A significant increase in the binding of NOD3 and NOD7 in the presence of POPC: 

4%POPS (total lipid concentration 8% w/v) was observed. Data analysis gives partition 

coefficients of 1295 M
-1

 for NOD3 and 1010 M
-1

 for NOD7, a big increase compared with 

uncharged liposomes (Figure 4.13b and Table 4.2).  The bigger binding constants were due 

to increase in the effective concentration of the peptide at the membrane interface because of 

electrostatic interaction that is higher than predicted by the model. A significant increase in 

the effective charge of the peptide for NOD3 and NOD7 indicates that electrostatic 

interaction with negatively charged membrane surface stabilizes positive charge on lysine 

side chains.  NOD1 showed a surprisingly modest improvement in the binding affinity, K= 

238 M
-1

, and its behavior is still similar to of zwitterionic lipids were the dominating 

interaction is due to hydrophobic partitioning (Figure 4.13b and Table 4.2). 

In-vivo studies suggested NOD1 have higher affinity to PIP2 (8). We prepared liposomes 

containing 1% to 3% PIP2 that is close to the physiological values (Figure 4.13b). NOD1 

showed higher binding affinity to liposomes containing 1% PIP2 than NOD3 and NOD7 

bound to the same composition of lipids compared with binding to POPC: 4% POPS vesicles 

(Figure 4.13b and Table 4.2). This indicates more specific interaction with PIP2 as NOD1 

was the weakest binding peptide to POPC: 4%POPS liposomes that have the same surface 

charge as POPC: 1% PIP2. Similarly, it has been observed an increase in the relative 

contribution of electrostatic interactions to NOD1 binding to  POPC: 1%PIP2. NOD3 and 

NOD7 also show increase in  their binding affinity to POPC: 1%PIP2 liposomes compared to 
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POPC liposomes; however, this increase is not as significant as with the addition of POPC: 

4% POPS liposomes. The increasing of PIP2 concentration results in increase in the binding 

of NOD3 and NOD7 as expected from the increase in surface charge density.  This peptides 

exhibited features of cooperative binding specially for NOD3. NOD1 bound to POPC: 3% 

PIP2 also, showed an increase in the binding partition coefficient; nonetheless, experiments 

with concentrations higher than 200µM cannot be carried out because this peptide induces 

precipitation of liposomes. At concentrations lower than 200µM more than 90% of the 

peptide is bond to the surface of the LUVs. 

 

 

 
Table 4.2: Effective partition coefficient and effective charge on nodulin peptides in the presence of LUVs 

(8% w/v concentration) as determined from SL-EPR experiments. *Binding constant for POPC: 3% PIP2 

was obtained from concentrations of 25 to 200µM NOD1 because at concentrations above 300 µM 

precipitation of lipids was observed. 

NODx 
POPC POPC: 4% POPS POPC: 1% PIP2 POPC: 3% PIP2 

K (M
-1

) zp K (M
-1

) zp K (M
-1

) zp K (M
-1

) zp 

NOD1 105.2 2.0 238 2.10 1550 2.9 *4.08x10
7
 1.20 

NOD3 121.4 1.46 1295 2.48 290 2.76 4670 1.89 

NOD7 23.6 2.20 1010 3.00 23.6 2.20 3.64x x10
5
 5.10 

 

 

 

Analyses of peptide interactions with liposomes suspensions containing 20 w/v % lipids  

were also performed. Titrations with 20% POPC showed K values of 44.7M
-1

 with zp  equal 

to 1.5 for NOD3 binding and 14.2M
-1

 without any effect of charge for NOD7 (Figure 4.14). 

These values demonstrate that at low peptide-to-lipid ratios, NOD3 and NOD7 show more 

partition-like behavior without effects of charge-charge repultion than when they bind to 8% 
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POPC. Experiments with LUVs containing negatively charged lipids showed pronounced 

increase in binding of MTS-labeled NODx. Almost 100% of NODx were  bound to anionic 

liposomes and it was not possible to calculate K for these compositions. 

 

 

 

 

Figure 4.13: Binding isotherms for MTS-labeled NOD1 (black), NOD3 (red), NOD7 (blue) interaction 

with a) POPC, b) POPC:4% POPS, c) POPC:1% PIP2 and d) POPC:3% PIP2. In all cases the total lipid 

concentration is 8% by weight. 
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Figure 4.14: Interaction of MTS-labeled NODx with POPC LUV, total lipid concentration 20%. a) 

Experimental and simulated room temperature X-band CW-EPR spectra for 50µM NOD3 (red) and 

NOD7 (blue) in the presence of LUV. b) Binding isotherms for NOD3 (red) and NOD7 (blue). The K 

values obtained from the binding isotherms were 44.7M
-1

 for NOD3 and 14.2 M
-1

 for NOD7 with zp of 1.5 

and 0 for NOD3 and NOD7 respectively. 

 

 

 

4.3.2.2. Membrane partitioning and dynamics of NOD peptides 

 

 Information on the dynamics of peptides bound to membranes can provide additional 

information regarding the mechanism of peptide-membrane interactions. In this section, the 

results of measurements of the mobility parameter (ΔHp-p
-1 

(0)), nitrogen hyperfine (aN) are 

described.  

Typical X-band EPR spectra for NODx in the presence of POPC LUVs are shown in 

Figure 4.12 for various peptide-to-lipid ratios.  EPR spectrum of peptide in solution shows 

three sharp lines.  Upon addition of lipids, a broad component shows up corresponding to a 
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bound peptide. With an increase in lipid-to-peptide ratio, the peak-to-peak amplitude of the 

EPR signal decreases reflecting higher fraction of broad signal. The experimental EPR 

spectra were simulated using two-component model – free peptide in solution and peptide 

bound to LUV.  The fast convolution algorithm was used to precisely simulate in-

homogeneously broadened nitroxide spectra.  The line shape was simulated as convolution of 

Lorentzian and Gaussian functions as described in reference (13). Gaussian function was 

used to model unresolved proton super-hyperfine structure.  Simulation of EPR spectra from 

free peptide in solution had shown that the best fit could be obtained if hyperfine interaction 

with one strong proton is included explicitly in the simulations.   All parameters, with 

exception of the unique proton hyperfine obtained from simulation of EPR spectrum from 

free peptide in solution, were adjusted during the fitting.  The same Gaussian functions were 

assigned to free and bound peptide.  Although both spectral components, corresponding to 

free and bound peptide, are in fast motional regime, they are well resolved because of 

pronounced differences in the line width of two components, and the fit was unique.  

In the fast motional limit, the homogeneous line width of an individual nitrogen 

hyperfine component is given by Nordio, P. L., 1976 cited in (14).  

  
  (  )              

                   (4.7) 

where mI  is the z-component of the nitrogen nuclear spin quantum number, and A, B, and C 

are line width parameters that can be expressed in terms of magnetic parameters and a 

rotational diffusion tensor (15) and A’ is non-motional contributions.  In agreement with this 

formula, the line width of the central hyperfine component (mI=0) contains contribution from 
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the label dynamics as well as contributions from the unresolved hydrogen hyperfine and 

broadening due to spin-exchange interaction with molecular oxygen. Because the motional 

contribution to the line width in the fast motional regime is relatively small, the 

experimentally measured mobility parameter ΔHp-p
-1

 may be not very accurate.  The line 

width parameters B, determined as the half of the difference between line width of the third 

and the first line, contains only dynamic contribution and is directly proportional to the 

effective rotational correlation time of the nitroxide probe.  

In the intermediate-to-fast motional regime, where one observes three distinct first-

derivative lines, the rotational correlation time,    , could be  approximate by 

                 ( ) [(
 ( )

 (  )
)
   

  ]                                     (4.8)    

where A(0) and A(-1) are the peak-to-peak heights of the center- and high-field lines, 

respectively, ΔHp-p(0) is the peak-to-peak width of the center line, and    is in seconds. The 

constant value is derived using the magnetic parameters of a small water-soluble nitroxide, t-

butyl nitroxide (16). EPR spectra from MTS-labeled NODx in buffer solution correspond to 

rotational correlation times of the label of around 0.2- 0.4 ns, with labeled NOD7 showing 

somewhat slower motion than NOD1 and NOD3. Upon binding to lipids, the rotational 

correlation time of labeled peptide increases by a factor of ten compared to the aqueous 

solution.  These values did not change with changing in the concentration of NOD1 added to 

the LUVs. Mobility parameters for membrane-bound NOD3 peptide are also independent 

upon concentration of the peptide added. The values of ΔHp-p
-1 

for NOD3 bound to  POPC 

liposomes is 0.41G
-1

 + 0.01G
-1

, for POPC: 4% POPS is 0.38G
-1

 + 0.01G
-1 

and for POPC: 1% 
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PIP2 is 0.37G
-1

 + 0.01G
-1

. MTS- labeled NOD7 bound to lipids has ΔHp-p
-1

 of 0.35G
-1

 + 

0.01G
-1

 regardless of the lipid composition of membrane, with exception ofΔHp-p
-1

 for NOD7 

peptide bound to POPC: 3% PIP2, which shows  the lowest value, indication of longer 

correlation times and more restricted motion (Figure 4.15). In general, lipid bound MTS- 

labeled NOD7 showed more restricted motion than NOD1 and NOD3.  

 

 

 

 

Figure 4.15: Mobility parameters for MTS-labeled NODx aqueous and bound to 8% POPC (green), 

8%POPC: 4% POPS (purple), 8% POPC: 1% PIP2 (orange) and 8% POPC: 3% PIP2 (pink). The 

concentration of NODx used to bind LUVs was 50µM.  
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Figure 4.16: Nitrogen hyperfine splitting for bound form of peptides obtained from simulations.  NOD1 

(black), NOD3 (red) and NOD7 (blue) bound to a) POPC, b) POPC: 4% POPS, c) POPC: 1% PIP2 and 

d) POPC: 3% PIP2.  The total lipid concentration in all samples is 8% weight/volume.  

 

 

 

Nitrogen hyperfine values obtained for SL-NOD1 and NOD3 were lower than NOD7 

(Figure 4.16).  These values demonstrated MTS-labeled NOD1 and NOD3 are located in the 

more hydrophobic environment than NOD7. The increase in NOD7 nitrogen hyperfine with 

increase in concentration indicates NOD7 is moving to a polar environment closer to the 

surface, as the surface coverage increased.   
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4.3.3. Determination of nitroxide label depth in membrane by measuring accessibility to 

molecular oxygen 

 

The saturation recovery principal application is oximetry. EPR oximetry is a 

minimally invasive magnetic resonance method capable of measuring direct and absolute 

values of  molecular oxygen pressure, pO2, or O2 concentration (17). O2 has the suitable level 

of hydrophobicity that permits partition into the membrane domains. It is possible that 

without the presence of oxygen, the changes in the molecules cannot be distinguished; 

however in the presence of O2 the differences in the spin-lattice relaxation time (T1) values 

are observed because of the oxygen partition and diffusion.   

 One of the principal methods is the discrimination by oxygen transport (DOT) 

method. DOT is a dual-probe saturation-recovery electron paramagnetic resonance approach 

in which the observable parameter is T1 of lipid spin labels or spin labeled peptides (18).  

This method allows study of the lateral organization of lipid membranes, differentiate 

between membrane domains and is useful to get information about dynamics of the system 

by understanding the depth of the peptide or protein into the membrane (18).  Kusumi and 

collaborators, in 1994 had been  shown that the DOT method can be successfully applied to 

discriminate the slow oxygen transport (SLOT) domain from the bulk domain in 

reconstituted membranes crowded with integral membrane proteins  (19). X-band Saturation 

recovery with Pulse EPR for labeled nodulin peptides bound to unilamellar liposomes and 

unlabeled peptides bound to LUVs with 1% n-doxyl-PC were measured in order to obtain the 

oxygen transport parameter, W(x) (20-23). This method  provides direct measurement of spin 
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lattice electronic relaxation time needed  to obtain the oxygen transport parameter, W(x) (20-

23). This parameter is defined as the Heisenberg exchange frequency, 

W(x) = T1
-1

 (air, x) – T1
-1

 (N2, x)                                                                      (4.9) 

where T1‘s are the spin lattice relaxation times of the nitroxide equilibrated with atmospheric 

air (20% oxygen) or another exchange agent and the nitroxide intrinsic relaxation time in the 

presence of nitrogen respectively (20, 23). W(x) is proportional to the product of the local 

translational diffusion coefficient and the local oxygen concentration.  The oxygen transport 

parameter and varies with the depth of the label in the lipid bilayer (18, 20-23).  If the profile 

of the parameter across the bilayer is known, it can be used to estimate the depth of spin-label 

within the membrane.  The oxygen transport parameter is also very sensitive to changes in 

organization of lipid bilayer and can report on local perturbation of lipid bilayer, for example 

upon phase transition or peptide binding (18, 20-23) .  

Two different types of measurements were performed. First, unilamellar liposomes 

made from POPC: 4%POPS and POPC: 1% PIP2 lipid mixtures were doped with 1 molar 

percent of 5-doxyl-PC. Saturation recovery experiments with LUVs containing 1 mol percent 

of 5-doxyl-PC were conducted to measure oxygen transport parameter at 5-doxyl-PC in LUV 

and upon nodulin peptide binding to the liposomes. Changes in oxygen transport parameter 

as measured by 5-doxyl PC upon nodulin peptide binding were interpreted in terms of 

peptide penetration into the bilayer. For more complete analyses a profile of oxygen 

permeability across the bilayer using liposomes labeled with 5, 7, 10-doxy/-PC was 

measured. In the second experiment the oxygen accessibility was measured to MTS-labeled 

NODx (1, 3 and 7) bound to LUVs composed of either POPC, POPC: 4% POPS or POPC: 
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1% PIP2. By comparing the oxygen transport parameter measured by MTS-labeled NODx 

with the oxygen transport parameter profile across the bilayer the depth of MTS label within 

the bilayer was determined. 

The T1 relaxation time of nitroxide label was obtained for samples equilibrated with 

nitrogen and with air, and each sample was incubated for 25 minutes. Typical saturation 

recovery signal is shown in Figure 4.17. Data were analyzed using single or two-exponential 

decay.  

We have measured effect of unlabeled nodulin peptides binding on oxygen 

accessibility to 5-doxyl-PC incorporated into LUVs of three different compositions. 

Experimental results are summarized in Figure 4.18. Data showed that binding of NOD1 

somewhat increases oxygen accessibility to 5-doxyl-PC in all the combinations of lipids. 

NOD3 showed higher perturbation to membranes containing PIP2 while NOD7 present small 

changes or no changes at all. The oxygen profile determined for POPC: 4% POPS: 1% n-

doxyl-PC confirms these results.  Small increase on oxygen accessibility to 5-doxyl-PC can 

be associated with reduced water penetration into the bilayer upon NOD1 and NOD3 peptide 

binding. 

Saturation Recovery measurement results for oxygen transport parameter as measured 

on MTS-labeled nodules bound to LUVs are shown in Figure 4.19 and summarized in 

Error! Reference source not found.. Results for POPC liposomes showed values of W(x) 

for NOD1 was 2.0, NOD3 was 1.62 and NOD7 was 1.32 (Error! Reference source not 

found.). 
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Figure 4.17. Typical Saturation Recovery signal obtained from LUVs composed of 20%POPC: 4%POPS: 

1% 5-doxyl-PC equilibrated with air. The experimental trace is superimposed with a fit by a single 

exponential decay with a linear component. The recovery time obtained from the fit is 653 ns. Lowest plot 

shows the residual obtained by subtraction of fit from experimental signal.  
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These demonstrated that labels on NOD1 and NOD3 had higher accessibility to 

oxygen than on NOD7. Based on oxygen accessibility profile across the POPC bilayer, we 

can conclude that the nitroxide label in NOD7 is located just under the polar head region as it 

shows oxygen accessibility less than 5-doxyl-PC, and labels on NOD3and NOD1 are located 

at about 12Å from the phosphate in the membrane. This is consistent with phenyl residues 

inserting into the bilayer. To some extent higher accessibility to NOD1 compared with 

NOD3 could be explained by small difference in sequences: NOD1 contains hydrophobic 

leucine between lysine chain and cysteine. These results are in agreement with nitrogen 

hyperfine values presented above.  

Addition of anionic lipid POPS at 4 mol% to POPC resulted in displacement of lysine 

residues in bound NOD7 peptide deeper into bilayer as evidenced by measurable change in 

oxygen accessibility in POPC: 4%POPS accessibility to MTS-labeled NOD7 is the same as 

to 5-doxyl-PC.  Similar effect was observed for NOD7 bound to POPC: 1%PIP2.  Oxygen 

accessibility to NOD1 and NOD3 in POPC: 4%POPS does not change significantly 

compared with POPC, indicating that although basic residues of these peptides should 

behave as in NOD7 and upon binding to charged bilayer localize deeper than in POPC LUV, 

the location of phenylalanine residues is not affected by additional electrostatic interaction at 

the membrane surface.  In POPC: 1%PIP2 bilayer, accessibility to NOD1 drastically 

increases, while data for NOD3 and NOD7 are similar to one in POPC: 4%POPS.  This 

indicates that although electrostatic contribution to peptide-membrane interactions remains 

comparable for NOD3 and NOD7, the hydrophobic tail of NOD1 penetrates much deeper 

into membrane then it does in POPC: 4%POPS liposomes.  This indicates that in addition to 



 

101 

electrostatic interaction, some specific binding is associated with NOD1-PIP2 interaction that 

moves the peptide deeper into the bilayer.  

These results are in agreement with the changes in nitrogen hyperfine of nitroxide-

labeled NODx. 

 

 

 
Table 4. 3: Oxygen Transport Values as measured by spin-labeled NOD peptides 

NODx 
POPC 

W(x) 

POPC: 4% POPS 

W(x) 

POPC: 1% PIP2 

W(x) 

NOD1 2.00 1.98 2.60 

NOD3 1.62 1.84 1.49 

NOD7 1.32 1.62 1.71 
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Figure 4.18: Effect of unlabeled NOD1 (black), NOD3 (red) and NOD7 (blue) peptide binding on oxygen 

transport parameter in liposomes as measured by 5-doxyl-PC a) CW EPR spectra of 5-doxyl-PC  with 

POPC: 1% PIP2 (orange) and bound to NOD1, NOD3 and NOD7. b) Control-oxygen transport 

parameter (Wex) for 5-doxyl-PC in LUV of various compositions and effect of NODx peptides binding. c) 

Effect of NODx peptides binding, in the oxygen transport parameter profile of POPC: 4%POPS LUV as 

measured by n-doxyl PC (5, 7, and 10) incorporated in liposomes. 
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Figure 4.19: Oxygen transport parameter profile for MTS-labeled NOD1 (black), NOD3 (red) and NOD7 

(blue) bound to a) POPC, b) POPC: 4% POPS and c) POPC: 1% PIP2. 

 

 

 

4.3.4. Determination of effective binding enthalpy, ΔH, and binding constants using 

isothermal titration calorimetry 

 

All chemical and biological processes are accompanied by heat exchange and are 

characterized by its K and ΔH. These make ITC a good technique for the study of the peptide 

binding. This highly sensitive technique can be used to obtain quantitative information on the 

thermodynamics of biological processes like lipid-peptide interactions, even when 

spectroscopic effects are too small to allow precise evaluation of the binding isotherms. A 

single titration experiment is capable to determine the enthalpy and K and then the entropy 

(ΔS) and the Gibbs free energy of a reaction (ΔG) are calculated by 
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ΔG  −RT ln K                                                                                                (4.10) 

and 

ΔG  ΔH−TΔS,                                                                                                               (4.11) 

where R is the gas constant and T is the temperature. Previous articles (24, 25) demonstrated 

the effectiveness of ITC to determine partitioning constants for interaction of basic peptides 

with both neutral and charged liposomes taking into account the effects of electrostatic 

interactions. In this section the results obtained for the determination of K and ΔH are 

presented. 

EPR measurements showed nodulin peptides have higher affinity for the negatively 

charge membranes. Biological studies showed NOD1 is more specific to PIP2, and it was 

confirmed by EPR experiments showing increase in K for NOD1.  

We have tested effect of buffer on reproducibility of the results. The following buffers 

were tested:  10mM TRIS, 50mM TRIS and 100mM MOPS (Table 4.4).  We have selected 

MOPS buffer because it is the buffer used for experiments in EPR.  It was important to be 

consistent with the buffer selection because the results of ΔH are going to change depending 

in the buffer due to possible pK shift as the peptide binds to the membrane surface and 

because of the buffer dissociation constant (Reviewed in 9) affecting the carboxylate group 

and the –NH2/−NH3
+
 side chain. The contribution from the buffer dissociation constant could 

be avoid by doing measurements at lower pH were all the peptide is fully protonated. In these 

experiments the objective was to study the binding under physiological conditions and 

compared the results of the binding with the EPR results; therefore, the conditions from the 

experiment were kept similar.  
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 Table 4.4:  ITC results for the heat of dilution for Egg PC: 4% Brain PS liposomes and NOD1 injected 

into various  buffers. Each experiment was repeated 3 times. 

Buffer pH 
Egg PC: 4% 

Brain PS (µJ) 

NOD1 

(µJ) 

10mM Tris, 100mM NaCl 7.4 -7.55 + 0.32 -3.57 + 0.17 

50mM Tris, 100mM NaCl 7.4 -4.46 + 0.01 -5.01 + 0.04 

100mM MOPS, 100mM KCl 7.0 -2.91+ 0.16 -4.69  + 0.05 

 

 

 

The next step in improving the reproducibility was to increase the concentration of 

peptides injected into the system and the concentration of lipids in the experimental cell.  The 

changes in the concentration helped in the determination of ΔH where the peptide is injected 

to high excess of lipids. Besides, the time between injections was increased from 300s to 

600s and the results were more reproducible for titration of lipids into peptides. However, the 

binding isotherms did not follow the modified Gouy-Chapan theory model an indication of 

more complicate titration and binding pattern than expected. 

 

 

4.3.4.1. Binding Enthalpy, ΔH: Determination through peptide-into-lipid titration 

Measurements of  ΔH of lipid binding  were performed by injecting NODx into a solution 

of LUVs (Vcell=300µl), under conditions resulting in a large excess of lipids to peptide at all 

steps of titration. (Figure 4.2020). After the first injection the lipid excess in the surface was 

around 20,000 and after the last injection was about 2,000 excess. Under these conditions, it 

can be assumed that 100% of the peptide was available for binding and each injection is 
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going to produce the same heat of reaction. To calculate ΔH, it is necessary to determine the 

contribution of dilution. The control experiment was done by injecting the same amount of 

peptide solution into buffer solution. The integration of the peaks gave the heat of dilution, 

hd. The values obtained for heats of dilution for NODx injected into the buffer were -4.69µJ 

for 2µl injections of 100µM NOD1, -5.81µJ for 2.97µl injection of 200µM NOD3 and -5.96 

µJ for 2.97µl injection of 200µM NOD7. The results demonstrated the reproducibility of the 

experiments is improved with injections between 2.0µl to 5µl of peptide solution into the 

experimental cell.   The heat of dilution is subtracted from the peptide-into-lipid titration to 

obtained the corrected heat of reaction, δhi, by 

 δhi= hi – hd,                                                                                                        (4.12) 

 where hi is the heat obtained by the experiment. Then, ΔH is calculated by 

    
   

  
  

   

(        
 )(    )

,                                                                       (4.13) 

 where n
0

p is the quantity of peptide in mol injected into the solution and c
0

peptide is the initial 

concentration of peptide in the injection.  
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Figure 4.20: Titration calorimetry of NOD1 peptides (100µM) into PC (20mM) liposomes. Aliquots of 

2.0µl nodulin peptide were added to the experimental cell (V=300µl) containing lipid suspension 

prepared with 100mM MOPS, 100mM KCl, pH=7.0. a) Calorimeter trace after correction for dilution 

(hd=-4.69µJ) b) The heat of reaction obtained after the integration of the calorimeter traces 

 

 

 

 The results summarized in Table 4.5 showed ΔH values after being corrected for 

dilution. NOD1 and NOD7 bound to egg PC are endothermic reactions while NOD3 is 

exothermic.  The ΔH obtained from peptide binding to zwitterionic liposomes it is going to 

give the heat of partition. The heat of partition is going to change with the temperature and to 

determine the zero heat of partition it is necessary to repeat these experiments at different 

temperatures. At 25
o
C the contributions from the heat of partition is small and could be 

between the range of the zero for NOD1 and NOD7 and these values could help to determine 

the type of binding. The negative value for NOD3/PC is an indication of the phenyl residues 

inserted into the membrane. In the presence of egg PC: 4% brain PS the results showed that 

all the reactions are exothermic. The table also, presents the results after increasing the 

concentration of brain PS; as result of this the surface charge density of the LUVs increases 
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too. The values obtained for ΔH were -9.0 + 0.4 kJ/mol for NOD1 and -22.7+ 0.2 kJ/mol for 

NOD7.  The addition of brain PIP2 showed exothermic reactions for all the peptides studies 

as well. The exothermic ΔH values could be associated with the electrostatic adsorption of 

the peptide and by the insertion of the peptide into the membrane. 

 

 

 
Table 4. 5: ΔH results are determined from direct titrations of peptides into high excess of lipids. Each 

measurement was performed 3 times. 

NODx 
Egg PC 

ΔH (kJ/mol) 

Egg PC: 4% Brain 

PS 

ΔH (kJ/mol) 

Egg PC: 20% 

Brain PS 

ΔH (kJ/mol) 

Egg PC: 1% 

Brain PIP2 

ΔH (kJ/mol) 

NOD1 13.9 + 0.7 -5.1 + 0.1 -9.0 + 0.4 -29 + 8 

NOD3 -29+ 2 -30.2 + 0.1  -12.89 

NOD7 7.1 + 0.2 -7.6 + 0.6 -22.7 + 0.2 -58 + 8 

 

 

 

These results demonstrated that NOD1 reaction with LUVs could be associated with a 

hydrophobic effect that corresponds to entropy driven reaction.   The hydrophobic effect 

established that the reaction is characterized by small changes in enthalpy transfer (this value 

is close to 0 kJ/mol) and an increase in the entropy of the reaction caused by the release of 

water molecules from the penetrating substance (25). Also, it is expected to obtain more 

negative values with the increase of the surface charge density caused by the electrostatic 

interactions. The changes were more noticeable for PC:1%PIP2 LUVs that have lower  

surface charge density than PC:20% PS LUV, an indication of enthalpy driven reaction and 

more specific binding to PIP2 as showed previously by EPR.  
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In the case of NOD3, ΔH values were similar for the LUVs studied. The negative 

values obtained for zwitterionic PC LUVs and negatively charged LUVs are an indication of 

phenylalanine residues inserted deeply in the membrane, in agreement with the oxygen 

accessibility experiments. The contributions from binding are hypothesized to be associated 

with electrostatic attraction and hydrophobic interactions following a non-classical 

hydrophobic effect (24). The non-classical hydrophobic effect is driven by enthalpy and is 

common between peptides with phenylalanine side chains partitioning the biological 

membrane (24, 9). The less exothermic value for PC: 1%PIP2 could be an indication of 

possible micelle formation or it could be caused by different distribution of charges. The 

charges in PC/4%PS LUVs are distributed between 4 molecules of PS stabilizing the 

positively charged lysine residues, better than the charges in PIP2 lipids that are grouped in 

one molecule of PIP2. In general, it is observed that NOD3 did not presented binding 

specificity toward PIP2 as shown for NOD1 under the same conditions and is driven by 

hydrophobic interaction following a non-classical hydrophobic effect. 

NOD7 results showed pure electrostatic interactions for the LUVs studied like in the 

EPR results. The positive value for ΔH with zwitterionic liposomes is caused by the arginine, 

R11, which interferes with partitioning of the phenylalanine residues into more hydrophobic 

environment. The addition of negatively charged lipids increases the attractive Coulombic 

interaction incrementing the electrostatic attraction. The result is exothermic ΔH values 

caused because NOD7 is moving towards the lipid-water interface by electrostatic attraction 

and not because of specificity toward anionic lipids (24-25).  
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4.3.4.2. Titration isotherms and binding coefficient: Determination through lipid-into-

peptide titration.   

 

Binding isotherms were determined by injecting unilamellar liposomes into nodulin 

peptide solutions (24, 25). The control experiment consisted in injecting LUVs into the 

buffer and the dilution heat was calculated for each injection.  

 The analysis of the data was similar to the one used to analyze CW-EPR results with 

some modifications to include the heats obtained in the experiments. First the fraction on 

peptide bound, fb, is calculated and is define as, 

    
    

( )

  
   ∑

   

         
 

 
    ,                                                                           (4.14) 

where      
( )

 is the molar amount of bound peptide after i injections, Vcell is the volume of the 

cell and   
  is the initial concentration of peptide in the calorimeter cell. The concentration of 

free peptide,      
( )

, is  

    
( )

    
( )(    )                                                                        (4.15) 

The amount of lipids,   
( )

,  after i titration in the cell, define as  

  
( )

           
                       (4.16) 

where     is the volume of lipids injected. Then the binding isotherms are expressed as  
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( )

  
( ) .                                                                                        (4.17) 

As in EPR experiments, the objective is to calculated the partition coefficient of NODx 

into LUVs. In this section, the liposomes were composed of egg PC and brain PS lipids. The 

binding behavior of natural abundant lipids is similar to synthetic lipids as shown in EPR 

experiments. Titration experiment was completed by injecting 15 or 20mM LUVs into 

peptide solutions with molar concentrations between 2-10µM. The titrations of 20mM LUVs 

into 6.6µM NODx started with ratios of 10 lipids available for binding at the surface for one 

peptide and finish with 200 lipids at the surface per one peptide. 

 The first step in the titration consisted of determining the heat of dilution for lipids 

injected into the buffer. Injections of 2µl for 20mM LUVs to 100mM MOPS gave values of -

2.9+ 0.7 µJ and -2.9+ 0.2 µJ for egg PC and egg PC: 4% brain PS respectively. After 

obtained the heat of dilution, ITC experiments with MTS-labeled NODx peptide were done 

and corrected for the heat of dilution. ΔH of reaction is calculated by  

   
   

  
  

   

(        
 )(     )

                                                                                          (4.18) 

and  

    ∑    
 
                                                                                                (4.19) 
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Figure 4.21: Titration of 20mM egg PC into 3.3µM NOD1 (   ) and NOD7 (    ). a) ITC traces of raw 

heat before corrected for dilution at 25
o
C. The experiments consisted in the injection of 2.0 µl of LUVs 

into the reaction cell (Vcell=300µl, Voleff=170 µl). b) Heat of reaction after corrected for dilution. c) 

Cumulative heat as a function of injection number. d) Fraction of peptide bound to lipids as a function of 

peptide concentration. e)Binding isotherm of NODx bound to egg PC. Each experiment was repeated 3 

times. ΔH values were equal to -54.0 + 3 kJ/mol for NOD1 and -36.3 + 15 kJ/mol for NOD7. Excess of PC 

to NODx were 20 to 400.  

NOD
7 

NOD
1 
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Figure 4.22: Titration of 20mM egg PC: 4% brain PS 3.3µM NOD1 (    ) and NOD7 (    ) and 6.6µM NOD3 (  ). a) ITC traces for raw heat 

before corrected for dilution at 25
o
C. The experiment consisted in the injection of 2.0 µl of LUVs into the reaction cell (Vcell=300µl, Voleff=170 µl). b) 

Heat of reaction after corrected for dilution. c) Cumulative heat as a function of injection number. d) Fraction of peptide bound to lipids as a 

function of peptide concentration. e) Binding isotherm of NODx bound to egg PC: 4% brain PS. Each experiment was repeated 3 times. ΔH values 

were equal to -26.4 + 4 kJ/mol for NOD1, -19.9 + 0.9 kJ/mol for NOD3 and -21.4 + 1 kJ/mol for NOD7. Excess of PC: 4%PS  to NODx were 20 to 

400 for 3.3 µM experiments and 10 to 200 for 6.6 µM .  
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If the binding of NODx to LUVs followed a simple electrostatic adsorption and 

hydrophobic interactions the values of ΔH are going to be similar to the values obtained from 

the experiments described in the previous section. Figures 4.21 and 4.22 showed examples of 

lipids to peptide titration performed in NODx reacting with egg PC and egg PC: 4% brain PS 

respectively and their analysis after corrected for dilution. 

 

 

 
Table 4.6: ΔH values obtained from titration of LUVs into NODx. The experiments consist in the 

injection of 2µL of 20mM Lipids into 6.6 µM MTS-labeled NODx in 100mM MOPS, 100mM KCl, pH= 

7.0.  

NODx 
[NODx] 

µM 

Egg PC 

ΔH (kJ/mol) 

Egg PC: 4%Brain PS 

ΔH (kJ/mol) 

NOD1 
3.3 

6.6 

-54 + 8 

18 + 7 

-26+ 4 

 

NOD3 6.6 NA -19.9 + 0.9 

NOD7 3.3 -36 + 15 -21 + 2 

 

 

 

These experiments showed the energetics of binding reaction of NODx and lipids is more 

complicated than expected. We were not able to analyze data from both types of titration 

(lipids into peptide and peptide into lipids) assuming the same binding enthalpy. The values 

obtained for ΔH are different that the value obtained from the titration of peptide to lipid 

described previously.  The discrepancy between the values could be associated with changes 

in the mode of binding upon changes in peptide to lipid ratio, or to presence of other 

phenomena like micellization or demicellization of the phospholipid, formation of pores in 

the membrane upon peptide binding, (25) and/or different rearrangement of lipids after the 
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peptide binding. The micellization or demicellization phenomenon should be evident from 

DLS measurements. In the experiments performed, no significant changes in the diameter 

and the intensity of size distribution were observed for NODx bound to zwitterionic LUVs 

(Figure 4.5). It is possible to discard micellization or demicellization as the main process 

affecting the binding of NODx to PC. The DLS results for NODx bound to anionic LUVs 

showed NOD7 do not produced any changes in the diameter size or the intensity of the 

liposomes. NOD1 bound to anionic lipids precipitates and aggregation is observed from DLS 

experiment and is possible to observed micellization; however it is not the dominant effect, 

because the changes observed in the size were predominant for larger aggregates and less 

than 1% of smaller liposomes were observed. The intensity reduction could be assigned to 

the formation of aggregates. We could discard this phenomenon for the range of 

concentrations studied; however, we did not study a wide range of peptide/lipid 

concentration to make conclusions.  One possibility is aggregation of peptides at high peptide 

to lipid ratios. 

Both combinations of lipids bound to NODx showed a possible mechanism where the 

peptide bound first to the system and then it aggregates. We also observe cooperative 

interactions for peptides in the presence of Egg PC: 4% Brain PS.  

These experiments could be improved by working in excess of 100 to 1000 lipids in the 

surface, to study the binding reaction at the beginning of the system. We can also prepare 

titrations of peptide into smaller concentrations of lipids in order to determine if the lipids 

rearrangements occur different when we start with a low concentration of peptide interacting 

with lipids. 
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4.3.4.3. Titration isotherms and binding coefficients: Determination through peptide-into-

lipid titration. 

 

 The binding of NODx into LUVs were also study by preparing ITC experiments were 

peptide is added to lipids. Under this condition lipids are in high excess at the beginning and 

then it decreases with the injections. The concentration of lipids used is smaller than the 

concentrations used in the ΔH determination. The objective of this experiment is to increase 

the concentration of peptide added to the lipids as in EPR-experiments discussed previously. 

The data were processed as discussed in the past section; however, ΔH used is the one 

obtained in section 4.3.4.1. The K was obtained by extrapolating the data to 0. 

 The results summarized in Figure 4.23 and in Figure 4.24 showed that binding 

isotherms follow the Gouy-Chapman theory. The partition coefficient  obtained from NOD3 

bound to LUVs composed of PC and 4 mol percent of PS lipids is approximately 1070 + 

256M
-1

 with a localized charge of 5.1 + 0.6. It showed a significant contribution of 

electrostatic interaction. The standard error obtained from this analysis could be induced by 

the environmental factors affecting the instrument interaction or maybe the data manipulation 

from these small changes in heat.  The binding isotherm for NOD7 bound to PC: 4% PS is 

(Figure 4.24) and have K≈ 3496M
-1

 with zp of 1.71.  

It is necessary to perform this type of titration with different combinations of LUVs and 

compared the binding with the values obtained from EPR. 
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Figure 4.23: Reverse titration for NOD3 bound to egg PC: 4% brain PS. a) ITC trace for raw heat before 

corrected for dilution at 25
o
C. 200µM NOD3 (Vinj=2.97µl) was injected into into 2mM egg PC: 4% brain 

PS (Vcell=300µl, Voleff=170 µl). b) Heat of reaction after corrected for dilution. Local ΔH was calculated 

for each injection.  c) Cumulative heat as a function of injection number. d) Fraction of NOD3 bound to 

LUVS as a function of peptide concentration. e)Binding isotherm of NOD3 bound to 50% of LUVs egg 

PC: 4% brain PS. Each experiment was repeated 3 times. ΔH obtained from section 4.3.4.1 was -30. 2 + 

0.1 kJ/mol. The average K was 1.07x10
3
 + 256M

-1
 and zp of 5.0 + 0.6. 
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Figure 4.24: Binding Isotherms for NOD3 and NOD7 bound to 2mM egg PC: 4% brain PS. NOD3 

experiments were repeated 3 times. NOD7 results are from one titration experiment. 

 

 

 

 

4.3.5. Fluorescence Experiments to Test for Liposome Leakage  

 

 Fluorescence spectroscopy gives information about membrane interactions with 

peptides and proteins and provides insight into the mechanisms of peptide binding and/or 

insertion. Fluorescence measurements were performed to study whether binding of MTS-

labeled NODx peptides to LUVs composed of PC, PC: 4% PS and PC: 1% PIP2 can result in 

destruction of the liposomes and induce a leakage of encapsulated fluorescence probe. The 

probe used was calcein, a fluorescence dye that can self-quench at high concentration in 

solution.  Calcein leaks when the liposomes break and it becomes free in solution, therefore 

NOD3 (3repetitions) 

K= 1.07x10
3
M

-1 
+ 256M

-1
 

z
p
=5.0 +0.6 
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the fluorescence intensity increases. In control experiments calcein was released from the 

liposomes by addition of triton or ethanol.  

 The quality of the calcein solution was first tested by preparing 250µM calcein 

solution in 100mM MOPS, 100mM KCl, pH=7.0. The calcein self-quench at this 

concentrations in the buffer. When triton is added to the solution, calcein de-quench 

increasing the observed intensity (Figure 4.25). After adding more than 1.5% of triton, there 

are not significant changes in the amplitude of the signal.  

 

 

 

 

Figure 4.25: Emission curves of calcein in solution and with triton. Calcein was prepared in 100mM 

MOPS, 100mM KCl, pH=7.0. It is self-quenched in solution. After addition of triton, calcein is de-

quenching from the solution.  
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Figure 4.26: Fluorescence samples for NOD3 (left) and NOD1 (right) bound to POPC: 4% POPS. The 

corresponding ratio of NODx to lipids is 1:25 in the surface. Calcein stock solution was prepared in 

100mM HEPES, 100mM EDTA, pH=7.4, then it was diluted in 100mM TRIS, 100mM NaCl. NOD1 

precipitates PC: 4% PS lipids.  

 

 

 

After studying the quality of calcein solution, 500µM liposomes in MOPS and 

2.5mM POPC: 4%POPS in TRIS were studied.  Addition of NOD1 induced precipitation of 

lipids (Figure 4.26). Figure 4.26 shows precipitation of lipids from the solution upon NOD1 

bounding to POPC: 4% POPS liposomes with calcein encapsulated. This behavior is not 

present upon NOD3 bounding to POPC: 4% POPS at the same concentration as shown in the 

left figure.  

POPC: 4% POPS LUVs in Tris buffer do not induce leakage of LUVs. We observed only 2% 

ca.  of calcein leakage in the system Figure 4.27. After 2 days, approximately 10% of leakage 

is observed. We also study membrane leakage to PC: 1% PIP2. These LUVs precipitates at 

ratios of 1:100 lipids on the surface; however, did not induce leakage in the system. 
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We should study possible formation of pores for the liposomes. Pore formation could 

be identified by preparing a fluorescent experiment were a water sensitive fluorescent probe 

is located at different positions of the membrane and then compared the intensity changes. 

The formation of pores could be the reason why in ITC, the binding isotherms obtained did 

not follow a simple partition isotherm. It could be possible we have some equilibrium 

between the formation and disintegration of pores. 

 

 

 

 

Figure 4.27: Fluorescence intensity changes upon addition of NODx peptides to 2.8mM POPC: 4% POPS 

liposomes, after a) 1 hour incubation at room temperature and b) 2 days incubation at 4
o
C.  Calcein 

(222µM) stock solution was prepared in 6mM HEPES, 100mM EDTA, pH=8.0 then it was diluted in 

100mM TRIS, 100mM NaCl pH=7.4.  
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4.4. Conclusions  

 

Nodulin peptides with cysteine mutations were studied in order to elucidate the 

mechanism of their membrane binding. Specifically, we want to compare the specificity of 

NOD1, peptide mimicking the sequence from AtSfh1p, to PIP2. To accomplish our 

objectives we employ SL-EPR, DLS, ITC and fluorescence. 

 The results demonstrated that despite the similarity in composition, NODx peptides 

show substantial differences in membrane binding.  Binding of NODx to POPC LUVs 

showed that NOD7 has lowest affinity to PC lipids, indicating that the main contribution to 

binding is hydrophobic partitioning of phenylalanine benzyl side chain. Binding of NOD7 is 

reduced comparing to NOD3 and NOD1becouse of polar arginine residue at position 11 that 

interferes with partitioning of phenylalanine residues at positions 9, 10 and 12 Addition of 

negatively charged PS lipids to LUVs increases binding of NOD3 and NOD7 peptides by a 

factor of 10 and 5 correspondently, as expected from electrostatic interactions. Partitioning 

constant for NOD, increases only by factor of 2 showing that electrostatic interactions 

surprisingly reduced for this peptide.  The location of MTS-label attached to NOD7 shifts 

deeper into membrane for NOD7 bound to PS containing liposomes, because of increase in 

electrostatic interactions buries lysine tail of the peptide deeper into polar head region of the 

bilayer. EPR experiments show that NOD3 and NOD7 increase substantially the binding 

when negatively charged PS lipids are present at 4 mol %; however, the data show only a 

modest increase in binding in POPC: 1%PIP2 lipids.  This suggests that the effective charge 

of PIP2 lipid localized at single polar head is not as effective in binding NOD peptides as 
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compared to POPS because of steric considerations.  Binding of NOD1 to PS containing 

lipids increases compared to PC lipids as expected for a charged peptide; nonetheless, the 

increase is more modest than for NOD3 or NOD7, suggesting that the electrostatic 

contribution to binding energy is less significant for NOD1 than for NOD3 or NOD7.  

Binding to PIP2 containing lipids increases substantially and NOD1 shows strongest binding 

to PIP2 containing LUVs compared to NOD3 and NOD7.  

Saturation Recovery Experiments and analysis of the motional characteristics of EPR 

spectra gave information of the location of NOD peptides to respect to the membrane.    

NOD1 and NOD3 were found to reside 10 to 12 Å below the level of the lipid phosphate 

groups, with label attached to NOD1 positioned somewhat deeper in all types of membranes 

studied. This is consistent with labels located near phenylalanine residues of NOD1 and 

NOD3. MTS label on NOD7 is located just under phosphate groups and this is consistent 

with mostly electrostatic binding.  Addition of PS lipids results in deeper penetration of 

“lysine tail” of the peptides into polar head region of the bilayer, while location of 

phenylalanine side chains within the bilayer is not affected in all three peptides. Upon 

binding to PIP2 containing liposomes phenylalanine groups location for NOD3 and NOD7 is 

similar to where these residues are located upon binding to POPC: 4%POPS liposomes; 

however, phenylalanine groups of NOD1 penetrate much deeper into the bilayer, compared 

to location of these side chains upon NOD1 binding to POPC: 4%POPS liposomes.  Taken 

together these data indicate specific interactions between NOD1 and PIP2 lipids, absent for 

NOD3 and NOD7. 
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ITC experiments were also used to study the binding of NODx to LUVs. The values 

for ΔH calculated from the titration of NODx into high concentration of LUVs demonstrated 

exothermic reactions for the binding of NOD3 and NOD7 for all liposomes compositions, 

while NOD1 showed endothermic enthalpy for PC liposomes. NOD1 is the lipid bound 

deeper in the membrane as shown previously; it is possible that with NOD1 entering the 

membrane some of the hydration covering will be lost (9).  This endothermic value could 

affect the binding isotherm obtained. The binding of NODx to LUVs showed a complicated 

binding were multiple processes could be occurring in the system. It is possible the binding 

of NODx into biological membrane follow two different models. The NODx is bound first by 

pure electrostatic interactions and then it is possible aggregation of lipids, occurring upon 

hydrophobic penetration of the peptide to LUVs. 

It has been show that  NOD1 induces precipitation of  liposomes with  anionic 

liposomes at ratios around  1: 320 peptide to lipid ration for 3 mol % of PIP2, 1:100 for 1% 

PIP2 and 1:30 for liposomes composed of 4 mol percent of PS. DLS results showed poly-

disperse sample, forming aggregates at concentration close to the precipitation. This behavior 

is not observed in experiments performed with NOD3 and NOD7 at the same conditions. The 

liposomes of original size were recovered upon cooling to 4
o
C. No disruption of liposomes 

were observed upon precipitation by NOD1, indicating that NOD1 works as “glue” bringing 

LUVs together.  This effect was significantly magnified for PIP2 containing liposomes.  
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APPENDIX 1: 

Measurements of Electrostatic Potential at Biological Interfaces using pH-

Sensitive Nitroxide Probes  

 

 

A.1.1. Introduction 

  

Electrostatic potential of the membrane is an important parameter to understand some 

characteristics in protein interaction with membranes. Preliminary experiments to determine 

electrostatic potential of the mixed lipid bilayer using novel method developed by  Professor 

Smirnov’s research group were conducted (1) and  the results have been compared with 

previously published data obtained by different experimental technique (2). The method 

developed by Prof. Smirnov’s group relies on the use of pH-sensitive nitroxide probes 

attached to the phospholipid polar head and specifically positioned on the lipid bilayer-water 

interface.  The probe used to perform this experiments was the synthetic lipid 1,2-

dipalmitoyl-sn-glycero-3-phosphothioethanol (PTE) labeled with methanethiosulfonic acid 

(IMTSL) (Scheme A.1) (1).  In this experiment measurements of the surface potential for 

vesicles formed with egg PC and 9.2 mol% of 1-palmitoyl-2-oleoyl-phophatidylglycerol 

(POPG) (Scheme A.2) where performed. 
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Scheme A.1: Chemical Structure of IMTSL-PTE (1) 

 

 

 

 

 

 

Scheme A.2:  Chemical Structures for lipids used to prepare vesicles: a) predominant species for egg PC, 

b) POPG. Structures from © Avanti Polar Lipids 

 

 

 

 

a) 

 

b) 
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A.1.2. Materials and Methods 

 

Materials and reagents: Chemicals were purchased from Sigma Aldrich. Lipids were 

purchased from Avanti Polar Lipids (Alabaster, CA) as chloroform solutions, except for egg 

PC that was purchased as powder. Buffers used were standard buffers acquired from VWR.  

 

Preparation of vesicles: Chloroform stock solutions of egg PC, POPG and IMTSL-PTE were 

mixed to obtain final composition 9.2 mol% of POPG and 1% of labeled lipid. The solvent 

was removed by nitrogen stream and dried overnight under vacuum. The samples were then 

hydrated with 2ml of 25 mM standard buffers at pH values of 2.0, 2.65, 3.0, 4.0, 4.63, 5.0 

and 6.0.  

 

EPR titration experiments: The liposomes were washed out with 1 ml of fresh buffer. The 

solutions were vortexed to make it homogenous, and then centrifuged at room temperature 

for 13 minutes at 11500 rpm. The suspension was taken out and fresh buffer was added. The 

procedure was repeated one more time. After this step, the buffer was removed from the 

centrifuge tube and the precipitated lipids were vortexed to make them homogenous.  At the 

last step, a few freeze-thaw cycles were performed. The samples were placed in 0.032mm x 

0.044mm Teflon tubes for the EPR experiments. X-band (9.5 GHz) continuous wave EPR 

measurements were carried out in magnetic field of 3392 G, scan range equal to 100 G and 1 

G modulation at 20ᵒC. 
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A.1.3. Results 

 

EPR spectra from vesicles samples at different pH values were collected according to 

the previously mentioned conditions. EPR spectra showed changes due to the acidic strength 

of the samples (Figure A.1). The spectra show the effect of two different components on the 

sample: the protonated and non-protonated forms of the spin probe. The results show that at 

pH = 2.00 and 2.65 only the protonated species are present and at pH= 5.00 and 6.00 only the 

non-protonated species are present.  Spectra detected from samples at pH equal to 3.0, 4.0 

and 4.65 contain a combination of both components in the sample.  Experimental spectra 

from samples at pH 2.65 and 5.00 were chosen to represent the contribution of the non-

protonated and protonated parts for the other samples. The experimental spectra from 

samples at pH 3.0, 4.0 and 4.65 were simulated as a superposition of two components - fully 

protonated and fully deprotonated forms of the label with intensity of each component 

adjusted during the fitting procedure.  Figure A.2 presents the decomposed spectra for the 

samples at pH = 3.0, 4.0 and 4.63. These results demonstrate the contribution of the non-

protonated and protonated fractions.  

 

 



 

133 

 

Figure A.1:  Experimental X-Band EPR Spectra from pH titration of egg PC with 9.2 mol% of POPG 

doped with 1 mol % IMTSL-PTE 

 

 

 

 

 

Figure A.2: Experimental X-band EPR spectra from liposomes prepared from egg PC with 9.2 mol % of 

POPG and doped with 1 mol % of IMTSL-PTE at different pH values. a) Experimental 9.5 GHz spectra 

at 25ᵒC are superimposed with least squares simulated spectra (b) , c) least square simulated spectra for 

non-protonated fraction , d) least square spectra for protonated fraction, e) residual of the fit . 

Magnetic Field (G) Magnetic Field (G) Magnetic Field (G) 
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In order to determine the electrostatic potential for the vesicles we first needed to 

calculate the interface pKa (pK
a

i ) of the spin probe in these vesicles. First, the fraction of 

non-protonated form of the probe was plotted as a function of corresponding pH value. Then 

the spectra were fitted using the Henderson-Hasselbach equation: 

 

f 
  (  (  –   )) fb

1 10(pH–pKa)
                             (A.1)

                                                                                     

where fa and fb correspond to the intensities from the acidic and non-acidic form of the 

IMTSL-PTE probe, respectively. Figure A.3 displays the resulting plot from the fitting of the 

experimental data.  The value of pK
a

i  obtained from this analysis was 3.8 + 0.1.  To calculate 

the surface potential, now we can use the equation 

 pK
a
i pK

a
0 ∆pK

a
el ∆pK

a
pol                                                                      (A.2)     

where pK
a

0 is the intrinsic pKa of the probe in water (3.33 + 0.03), ∆pK
a

pol  is the polarity-

induced shift in pKa (–0.81 + 0.03 taken from previous measurements by Dr. Maxim Voinov) 

and ∆pK
a

el is the electrostatic shift (1). This shift is related to the electrostatic potential and it 

is expressed as 

∆pK
a
el  

–e 

ln 10(kT)
                               (A.3)
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in this equation e is the elementary charge, 1.60 x 10
–19
C,   is the electrostatic surface 

potential,  k is the Boltzmann’s constant, 1.38065x10
–23

 JK
–1

, and T is the temperature in 

Kelvin.        
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Figure A.3: pH titration curve for IMTSL-PTE in egg PC containing 9.2 mol % of POPG as a function of 

the pH. Circles showed the experimental data and the solid line represents the corresponding Henderson-

Hasselbach curve. 

 

 

 

The electrostatic surface potential for egg PC: POPG in buffer with 25mM of NaCl 

obtained was –74.7 mV at 20ᵒC.  Shin and Hubbell in 1992 obtained a surface potential value 

of –50 mV for the same mixture at pH 7.0. Their preparation consisted in varying the ionic 
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strength of the liposomes using ammonium acetate (2). The probe employed by them was N-

(
15

N-tempoyl)-palmitamide. 

 A possible explanation for the discrepancies between our values and the values 

obtained by Shin and Hubbell could be the position of the probe with respect to the 

interfacial surface. It is possible that both probes report different values for the potential 

because they are located at different depth from the membrane surface charges. The effect of 

the salt screening could be another reason for the differences between the values. With the 

addition of salts the egg PC and POPG vesicles increase the negative electrostatic potential as 

demonstrated in (2). Possibly the salt does not enter in the membrane and this cause that the 

surface potential reported by IMTSL - PTE to be more negative.   
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APPENDIX 2: 

Magnetically Oriented Bicelles  

 

 

A.2.1. Introduction 

Magnetically aligned bicelles represent a useful tool for elucidating the structural and 

dynamic information about membrane systems and integral membrane proteins by SS NMR. 

Bicelles consists of long-chain phospholipids such as  1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) that shape the planar bilayer surface and short-chain lipids such as 

1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) that form the rim of the bicelles 

(Figure A.4) (3). Bicelles represent an intermediate between lipid vesicles and micelles (4); 

however, bicelles or bilayered micelles, maintain certain properties that micelles or lipid 

vesicles do not possess. Bicelles were used first in SS NMR because it provides structural 

information for anisotropic aggregates.  Ability of bicelles to align in the magnetic field 

provides increase in the spectral resolution and the signal-to-noise ratio when compared to 

un-oriented samples and reveals unique structural and dynamical information. 

The ability of bicelles to align in magnetic field depends upon number of factors (5, 6): 

– The magnetic susceptibility anisotropy tensor (Δχ) of the phospholipids,  

–the strength of the magnetic field,  
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–the molar ratio of the long and short chain phospholipids (q–ratio),  

–temperature of the system,   

–types of the lanthanide ions used to modify Δχ 

 

 

 

 

Figure A.4: Bicelle diagrams: a. Representation of aligned bicelle membrane unflipped (left) and flipped 

(right) (7). Reprinted with permission from “Macmillan Publishers Ltd: Nature Protocols, reference 7, 

copyright 2007. www.nature.com b. Schematic representation of bicelle showing the planar region and 

the rim 

 

 

Normally bicelles align with bicelles perpendicular to the direction of the static 

magnetic field. Since the extent of the alignment depends upon Δχ, addition of Dy
3+

 

improves perpendicular alignment because of large negative value of magnetic anisotropy for 

Dy
3+
.  Bicelles can be “flipped” with respect of the external magnetic field direction by 

addition of Tm
3+

 or Yb
3+

 ions that possess large positive Δχ and positioning these ions at the 

a.  

b.

.  

rim 

Planar region 
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bicelles surface. The use of bicelles has become popular because of easy sample preparation, 

the ability to align in the magnetic field (B0) above 1 T, the possibility to vary some 

important parameters such as pH of a bicelles and a temperature of experiment, high sample 

stability, and the fact that some membrane biomolecules remain functional in bicelles.  

The main disadvantage of bicelles is very limited range of lipid composition that 

produces the required alignment.  Presence of additional membrane constituents like sterols 

and sphingolipids, as well as an ability to vary electrostatic charge density on the surface of 

membrane would be highly desirable since this would allow for better “mimicking” of 

biological membranes.  However, deviations from the conventional composition of the lipids 

in bicelles may affect the dynamics of lipids and alignment of the bicelles.  This results in a 

limited range of lipid composition used to prepare bicelles that align correctly in the 

magnetic field and limits the range of temperatures when the bicelles are formed (7).   

The most common combinations of lipids are listed in Table A.1. These mixtures 

forms bicelles aligned in a temperature range of 38ᵒC to 43ᵒC. Effect of temperature and 

bicelles composition on alignment was first studied by Picard and co-authors in 1999 (8). 

The results showed that below 25ᵒC, the SS NMR spectrum is composed of an isotropic peak 

that is attributed to DHPC and a broad spectrum attributed to DMPC.  This study also 

demonstrated that in a temperature range between 25ᵒC and 35ᵒC the system start to gain 

orientation to the magnetic field and in a 40-45ᵒC temperature range bicelles aligned well (8).  
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Table A.1: Common combinations of lipids using to prepare bicelles (7). All samples are 28% 

weight/volume in lipid. Ratios are shown as molar ratios. Typical sample volume is 160-200 µl. 

 

Lipids q 

Alignment 

temperature 

(
o
C) 

Preferred pH 

14-0-PC/6-0-PC 3.2 40-43 None 

DMPC/6-0-PC 3.2 40-43 ~7 

DMPC/POPC/6-0-PC 

(2:6:0.6:1) 
3.2 16-33 ~7 

DMPC/DMPG/6-0-PC 

(2.6:0.6:1) 
3.2 34 ~7 

16-0-PC/6-0-PC 3.0 50-62 None 

 
 

 

Another important characteristic of bicelles is a “q” parameter that characterizes the 

size of the bicelles. The typical range of bicelles’ diameter is from 10 to 100nm (9). The q 

value is proportional to the ratio of long-chain to short-chain, equation A.4 

][n

][n
q

2

1

                                (A.4)

 
where n1 is the concentration of the long chain of phospholipids and n2 is refers to the 

short chain. As the q value decreases the diameter of the bicelles decreases too. Depending 

on the value of q, bicelles behaves either as isotropic or anisotropic. When the value of q is 

less than 1, q < 1, the bicelles presents isotropic properties in aqueous solution and permits 

the use of high-resolution NMR to analyze small membrane peptides (10). When the value of 

q is greater than 2.5, q > 2.5, the bicelles aligns to the magnetic field (10).   
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The q value can be expressed also, as the result of the division of the surface area of 

the two lipids, equation A.5 , if it is assumed that the head areas for the PC are the same for 

the long chain and the short chain. 

][n

][n

A

A
q

2

1

II

I 

                                                                                                              (A.5) 

where AI is the external area for the half torus and AII is the external area of the upper plus 

lower flat areas of a disk. These areas are defined as 

AI   2πR
2
,                                                                                                                            (A.6) 

 and              

AII = 2πr(πR+2r)                                                                                                          (A.7) 

See Figure A.5 for definition of R and r. 
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Figure A.5: Representation of bicelles diameter 2(R+r) and thickness 2r (In the original publication 2r is 

wrote as 2a but in order to maintain the same variables in all the equations, we use r), β is the angle 

between the normal to the bicelles plane and the magnet. Reprinted from reference (9) Copyright (2002) 

with permission from Elsevier.  

 

 

The size of bicelles was studied by Vold and Prosser. They reported that if R 0, 

AII 4πr
2
, this value represents the surface of a sphere with diameter equal to the bilayer 

thickness. The radius R increases linearly with q. In their report they showed that q = 3 

provides an increment to the bicelles with a planar part with R 200Ǻ, which showed 

evidence of negligible curve strain (11).  

In order to understand and analyze the results obtained by the use of bicelles in SS 

NMR it is important to understand some SS NMR parameters. The first one is chemical shift 

for an axially symmetric system. It is expressed as, 

iso

2 )cos (3
 


 




2

1
ω                                                                                        (A.8)                
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where β is the angle between the principal axis of the chemical shift tensor and the static 

magnetic field, δ is the chemical shift anisotropic parameter and δiso is the isotropic chemical 

shift. δ and δiso are expressed in frequency units (8).   

 There is different order parameters used to describe magnetic aligned bicelles. The 

first one discussed in this section is the distribution order parameter (Sdist). It is obtained from 

the expression of the weighted-average frequency <ω>: 

   

 
iso


























2

0

2

0

2 13

2 /

/

d P 

d P cos
                                                                       (A.9)          

and is given by: 



 iso
distS                                                                                                               (A.10)      

Using equations A.6 and A.7 for the area of the outer part of a torus over the total area of the 

bicelles, the parameter Sdist can be expresses as: 
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4r 
S




                                                                                                   

(A.11)       

 Additional important order parameters were described by Picard and collaborators in 

1999 (8).  They developed a method to determine information about the orientation and 

dynamics using the first spectral moment of solid state 
31

P spectrum. This group found two 

new parameters, S1 useful to understand the orientation and shape of the system and S2 that 

presents information about the dynamics of the system. S1  refers to the orientation and the 

shape of the system and it is related to the first spectral moment M1 (12) as: 
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 iso1
1

M
S


                                                                                                                  (A.12)      

 According to Picard work, if S1 ≈ 1, the molecules are parallel to the magnetic field, S1 ≈ 0, 

represents no orientation and if S1 ≈ 0.5, the molecules are perpendicular to the magnetic 

field. S2 is associated with the dynamics of the system (8). It indicates the changes in the 

chemical shift with the presence of a membrane protein or peptide. The expression is 

obtained from the ratio of the spectral widths: 

ref


2S                                                                                                                            (A.13) 

The diamagnetic anisotropic (Δχ) is obtained by calculating the difference between 

the diamagnetic susceptibility parallel (χ║) and perpendicular (χ┴) to the main axis of the 

molecule (8). If Δχ is negative the bilayered micelles align with their normal oriented bilayer 

perpendicular to the direction of the magnetic field (8). 

Time-dependent (FID) 
31

P NMR signal is given by   

2T
-t

ti e eg(t)                                                                                                (A.14) 

where T2 is the spin-spin relaxation time and ω is expresses as, 

S
)cos (3

 
2

iso
2

1

3

2 



ω ;                                                                                      

(A.15)        

where Δσ is the chemical shift anisotropic and S is the general order parameter (9).  

Parameters discussed above give information about the conformation, location and 

interaction of peptides. In 1994 Sanders and collaborators used bicelles and 
13

C NMR to 
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study unlabeled leucine-encephalin (LENK, Y-G-G-F-L) and equine ferricytochrome C 

(CytC) (13). Comparisons between isotropic and oriented system were given. Authors found 

that these peptides align in the orientable phospholipids mixtures. The next year Sanders and 

Landis used bicelles to test 15 membrane proteins by 
13

C and 
1
H NMR. They concluded that 

proteins remained functional and alignment facilitated the structural studies using NMR. 

However, they also found that bicelles alignment did not work for all the membrane proteins 

(14).  In 2006, Angelis and collaborators determined the structure of residues 12 to 72 of 

MerFt in bicelles using SS NMR (15) Figure A.6. They demonstrated that it is possible to 

obtain structures using labeled amino acids labeled with 
13

C and 
15

N labels. The precision of 

the structure obtained by SSNMR was good quality compare to the structures obtained using 

X-Ray crystallography.  

 

 

Figure A.6:  Structure of MerFt determined using aligned bicelles. (PDB ID: 2H3O) 
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In the present work, we analyzed the effects of paramagnetic spin labels, 5-doxyl 

stearic acid and TEMPOL (Scheme A.3), as well as common biological membrane 

components, cholesterol and sphingomyelin (Scheme A.4) on stability range of bicelles at 

various conditions using 
31

P SSNMR.  

 

  

Scheme A.3: Paramagnetic spin labels: a. 5-doxyl stearic acid, and b. TEMPOL. 

 

 

 

 

Scheme A.4:  Natural lipids, important for the membrane: a. Cholesterol and b. Sphingomyelin 
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A.2.2. Materials and Methods: 

 

Materials and reagents: Sodium phosphate dibasic, heptahydrate and sodium phosphate 

monobasic, monohydrate were purchased from JT Baker Company and sodium azide was 

purchased from VWR. Lipids used in this work were purchased from Avanti Polar Lipids 

(Alabaster, AL) as chloroform solution except for cholesterol. Lipids and spin labels were 

stored at -80ᵒC.  

 

Bicelles preparation: Bicelles were prepared by mixing appropriate amount of chloroform 

solutions of DMPC and DHPC required to formed 20% w/v aqueous suspension with lipid 

ratio 1 to 3. For samples where a third component was present, the required amount of it was 

added to the chloroform mixture. The excess of chloroform was removed using nitrogen 

stream and remaining sample was placed overnight under high vacuum to completely remove 

remaining chloroform. Next, required amount of 10mM phosphate buffer containing 0.15mM 

sodium azide (NaN3), pH=6.6 was added followed by vortexing and incubation of the sample 

for 15 minutes at 45ᵒC.  Next, sample was vortexed for 1 minute, followed by incubation at 

4ᵒC and freezing with liquid nitrogen (77K). Next sample was thawed at 45ᵒC, and a cycle of 

ice-vortex,- freeze-and-thaw  was repeated until the sample became colorless.   

 

SS NMR studies: 
31

P and 
15

N SSNMR experiments were performed on a Bruker 500 

Ultrashield. SSNMR spectra were collected with a static double resonance 5mm round coil 

Bruker E-Free probe. Data were processed using Topspin 2.0 software from Bruker BIoSpin. 
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31
P spectra were recorded at 202.5 MHz using a 90ᵒ pulses. Spectra were collected with 2048 

points and 32 scans. It is decoupling with 
1
H (500.3 MHz). Temperature was monitored with 

a precision of 0.1ᵒC. 

 

 

A.2.3. Results 

 

Temperature-dependent 
31

P SSNMR spectra were measured to study the magnetic 

alignment of bicelles as a function of the concentration of paramagnetic spin labels, 

sphingomyelin and cholesterol. It has been found that the presence of the additional 

constituents, while keeping the same DMPC/DHPC = 3.0 molar ratio, changes the 

temperature of the optimal alignment as evidenced by 
31

P NMR line widths of DMPC.  
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Figure A.7: 
31

P SSNMR results for DMPC/DHPC bicelles q=3.0. 

 

 

 

Control Bicelles:  DMPC/DHPC bicelles with q= 3.0 were prepared as described 

above. The bicelles sample was measured at different temperatures to see its stability Figure 

A.7. 
31
P SSNMR spectra showed that at 55ᵒC and 30ᵒC, isotropic micelles are formed instead 

of bicelles. In the range of 35ᵒC to 45ᵒC bicelles were formed. This was confirmed when the 

spectra was integrated. It gave q= 3.0 for each of the control spectrum in the study in the 

range mentioned previously. The average line widths for DMPC and DHPC at 42ᵒC were 

103.65 Hz and 68.97 Hz respectively. The line widths values for 38ᵒC were 99.34 Hz for 

DMPC and 70.02 Hz for DHPC.   In this work, 38ᵒC was used as the reference temperature 

for NMR studies. This temperature gave the best results for alignment in the magnetic field.  
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Figure A.8: 
31

P SSNMR spectra form samples containing 5-doxyl-stearic acid 

 

 

 

5-doxyl stearic acid: The effect of addition of 5-doxyl-stearic acid, a free radical, on 

the behavior of NMR spectra of bicelles was studied as a function of spin-label 

concentration.  The experiments showed that with the addition of the spin label, the 

temperature of optimal alignment of the bicelles decreases while the line width increases 

(Figure A.8). It is an important indication of the insertion of the label in the bicelles. The 

spectra in red indicate the temperatures at which the DMPC/DHPC bicelles with stearic acid 

align best in the magnetic field.  
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Figure A.9: 
31

P SSNMR results for TEMPOL 

 

 

 

TEMPOL: It is a free membrane permeable radical scavenger useful for both in-vivo 

and in-vitro  experiments. It was used in order to determine the changes in the 
31

P resonances 

as a result of paramagnetic line broadening from a label located in the aqueous phase (Figure 

A.9). The spectra in red indicate the temperature where the bicelles with tempol align best in 

the magnetic field. According to the results, the addition of tempol increases the line width of 

the DMPC and decrease the temperature of the optimal sample alignment. The addition of 

415mM of tempol gave line widths of 309.75 Hz for DMPC and the alignment temperature 

of 32
o
C. Increases in the NMR line widths of the lipid head groups under this concentration 

of tempol yields a contrasting method for studying the insertion depth of membrane proteins 

as well as a tool for the spectral assignment in 
15

N high-resolution SSNMR.  
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Figure A.10: 
31

P SSNMR spectra from bicelles, q=3.0 as a function of cholesterol content and 

temperature 

 

 

 

Cholesterol: Cholesterol is a steroid lipid found in vertebrates. It is an important 

component of cell membranes and provides a mechanism for protein targeting. It is important 

to know the effect of cholesterol on bicelles formation because we want to have a model that 

mimics the composition of biological membranes. Previous 
2
H SS NMR experiments 

performed to study the stability and insertion of cholesterol in bicelles (16-18) found that 

cholesterol can be introduced to bicelles, increasing the stability of the system in the presence 

of a peptide (19). Authors found that cholesterol increased the alignment temperature in the 
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magnetic field too (17). In our work we have extended the range of cholesterol concentration 

in the bicelles (Figure A.10). The results obtained demonstrate cholesterol can be introduced 

to bicelles and it does not change the morphology in the temperature range of 38
o
C to 45

o
C; 

however at 43
o
C and 45

o
C the lines are sharper. It confirms the results obtained by Lorigan 

and collaborators.  When the concentrations of cholesterol (50% or more) are increased, it 

derived some alignment in the magnetic field. Nevertheless, the concentration of bicelles 

formed decrease or there were not formation of bicelles. The percentage of cholesterol close 

to that in the body, 35%, yielded the DMPC line width of 134.89 Hz.  

 

 

 

 
Figure A.11: 

31
P NMR line widths of DMPC as a function of temperature for different molar ratios of 

cholesterol. 
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Figure A.10 and Figure A.11show how the line widths of the 
31

P spectra changes with 

respect to the temperature. The experiments demonstrate that increasing the temperature 

decrease the line widths of the spectra. This is because the system got more fluid and the 

motions became faster, therefore the bicelles aligned quicker in the magnetic field.  Also, 

when the concentration of cholesterol increases, the chemical shifts become more negative, 

in contrast of TEMPOL and stearic acid.  

 

 

 

 

Figure A.12: 
31

P SSNMR from sample containing sphingomyelin 
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Sphingomyelin: This is a type of sphingolipid found in animal cell membranes. In 

humans it represents approximately 85% of all sphingolipids and it is the only membrane 

phospholipid not derived from glycerol. In this experiment we added different proportions of 

sphingomyelin to DMPC/DHPC bicelles. The addition of a third lipid gave in the 
31

P spectra 

a third line relative to DMPC resonance. The effect of the addition of sphingomyelin, present 

a behavior similar to that of cholesterol. The temperatures of the optimal alignment and line 

widths increase with the concentration of sphingomyelin. The chemical shift gets more 

negative in comparison with 5-doxyl stearic acid and TEMPOL. The 
31

P chemical shift of the 

phosphate group of sphingomyelin coincides with DMPC as revealed by the integration of 

the spectra (Figure A.12). 

The relationship between concentration of spin label radicals and lipids were plotted 

in Figure A13 and Figure A.14 respectively. Both figures showed that 
31

P spectra got broader 

with the addition of a third constituent. It is an indication that the radical or lipid is emerged 

in the bicelles.   

These works demonstrated the presence of additional components to DMPC/DHPC 

bicelles with q = 3.0, could be aligned in the magnetic field causing changes in the optimal 

temperature of alignment.  It offers an opportunity to make studies about lipid-induced 

structural changes of membrane proteins by SS NMR of macroscopically aligned samples.  

Bicelles can be aligned when paramagnetic labels are present, which may allow one to use 

methods of paramagnetic relaxation enhancement to study the immersion depths and 

orientation of membrane embedded proteins and peptides by 
15

N and 
13

C SS NMR. 
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Figure A.13: The DMPC line width as a function of the concentration of spin label radicals. 

 

 

 

 

Figure A.14: Change in line width in function of the concentration of lipids 
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