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KL4 is a 21 amino acid peptide used to mimic the C-terminus of lung surfactant 

protein B, a protein known to lower the surface tension in the highly dynamic alveoli. 

Understanding how KL4 interacts with lipid vesicles of varying composition will provide 

insight into potential treatment for diseases such as respiratory distress syndrome. 

Recent 31P and 2H NMR studies have shown that KL4 binds differently to POPC:POPG 

and DPPC:POPG multilamellar vesicles, with the latter being found at elevated levels in 

lung surfactants. The current study uses electron paramagnetic resonance 

spectroscopy (EPR) and a technique called power saturation to study the effects of KL4 

binding to lipid bilayers both at the lipid and peptide level. Power saturation can be used 

to determine a change in the accessibility of the spin label to molecular oxygen in the 

bilayer interior and to NiAA, an aqueous soluble nickel complex. Using information 

gathered from these experiments we will provide insights into the depth and orientation 

of the peptide within different bilayer systems.  
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CHAPTER 1 
INTRODUCTION TO PULMONARY SURFACTANTS 

Surfactants 

Surfactants are defined as compounds that lower the surface tension of a liquid, 

and the term is an acronym of surface active agents.  Usually amphiphilic compounds 

such as lipids, surfactants are able to interact both with hydrophilic and hydrophobic 

molecules, giving them a wide variety of functions.  Surfactant molecules typically 

migrate to the air/water surface, as this is an interface between hydrophilic and 

hydrophobic environments.  Typically thought of as detergents, wetting agents, 

dispersants, foaming agents, or emulsifiers, their function is to lower the interfacial 

tension between two states in contact whether it be liquid-liquid, liquid-solid, or liquid-

gas.  Self-assembly into a wide variety of aggregate forms such as micelles, bilayers, or 

multilamellar vesicles, give surfactants of interest well defined properties and functions.  

Self-aggregation is controlled by the hydrophobic effect; in particular, lipids assemble 

into bilayers to minimize exposure of the hydrophobic tails to aqueous environments 

resulting in vesicular structures.  The type of vesicle formed is dictated by the shape 

and chemical structure of the lipids themselves.  Lipids with large head-group cross 

sections compared to their acyl chain cross section allow for a higher degree of 

curvature, ultimately resulting in micelle formation.  Lipids such as phospholipids, in 

which the cross section from top to bottom of the lipid is relatively constant, are 

commonly seen in more planar bilayers like those that allow for compartmentalization of 

the many organelles within cells.  The tremendous importance of surfactants in life 

cannot be overstated as they allow for life as people know it to exist.  Greater detail as 
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to their behavior will be given in the sections that follow, giving particular focus to a 

specialized group of surfactants termed pulmonary surfactants.  

Properties of Surfactants 

Surfactants are found throughout living organisms including some of the most 

complex, dynamic systems of the human body such as mammalian lungs and are also 

used in a variety of simple household products such as laundry detergent.  Many 

classes of surfactants exist, but they share one common feature which is their ability to 

reduce surface tension between immiscible states.  To better understand this, a look at 

how surface tension arises needs to be understood, and an example of this is to look at 

a droplet of water upon a table and the curvature of the water droplet instead of a flat, 

evenly-dispersed appearance.  This phenomenon occurs because within the droplet 

each molecule is being pulled equally in all directions resulting in a net zero force.  

However, at the surface of the droplet there is not a cancellation of forces due to the 

absence of molecules on one side.  Therefore, molecules on the surface are pulled 

inwards creating an internal pressure, forcing the liquid surface to contract to minimize 

area – hence, the curvature.  In other words, this surface tension characterizes the 

shape of the droplet and can be altered by introduction of a surfactant.  The surfactant 

adsorbs to the interface (liquid-gas in this scenario) and reduces the interfacial tension 

between these two states, therefore, reducing the curvature seen in the droplet.  This is 

a very basic description, but it can be used when looking at more complex systems 

such as pulmonary surfactant.  Surfactants are of utmost importance and a further look 

into how they function at a physical level and at a biological level will follow. 
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General Mechanism of Surfactant Function 

To get a better understanding of surfactant function, consideration of the forces via 

Laplace’s law must be considered. Laplace’s law relates the pressure difference at the 

interfacial regions to the shape of the surface or wall.  Visually, a closed sphere of gas 

is contained within a uniform solution of water.  Figure 1-1 illustrates this and can be 

described by LaPlace’s law in Equation 1-1, where ΔP is the pressure difference across 

the interface, γ is the surface tension, and r is the radius of the sphere and the wall 

thickness is presumed to be negligible.   

 

 

 

 

 

 

 

Figure 1-1. An illustration of Laplace’s law in a model closed sphere of gas surrounded 
by a uniform aqueous environment. 

 

                                                                                                                    (1-1) 
 

In this scenario, the surface tension, which is perpendicular to the pressure, carries a 

value depending on the internal pressure and the external pressure pushing in on the 

sphere.  This system is, therefore, in equilibrium and will remain so until a change is 

exerted upon it, which is the case in many dynamic systems.  If this model system was 

used to interpret a relevant biological system, (e.g. the alveoli in the lung) there would 
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be changes occurring to the system, for example inhalation and exhalation, in which the 

variables of the equation must change to keep the system at equilibrium.  Figure 1-2 

illustrates such a case in which the alveoli are changing in size and are modeled as 

perfect spheres in which the pressure differential, ΔP, is pushing in on the surface. 

 

 

 

 

 

 

 

Figure 1-2. LaPlace’s law extended to a closed system in which the size of the sphere 
varies, such as the alveoli in the lung. 

From Equation 1-1 there is an inverse relationship between the radius of the alveolus 

and the surface tension.  If the two differing size radii were to have the same surface 

tension, the alveoli with the smaller radius would experience a greater force inward, 

expelling its contents to larger alveoli eventually leading to collapse.  This is the physics 

behind the need for surfactant in reducing the surface tension upon exhalation in the 

pulmonary system to prevent alveolar collapse.   

Introduction to Pulmonary Surfactants 

Pulmonary surfactant is a vital, lipid-rich fluid found throughout the air-fluid 

interface of alveoli. It is comprised largely of surface-active lipids, mainly phospholipids 

and in particular dipalmitoylphosphatidylcholine (DPPC), along with a small mole 

percentage of hydrophilic and hydrophobic proteins.  Pulmonary surfactant is produced 



 

21 

in type II epithelium cells lining the alveoli beginning towards the end of gestation. It 

facilitates air expansion, prevents collapse, and allows for easy re-expansion of the 

lungs by drastically reducing alveolar surface tension in a highly dynamic, organized 

process [1-5].  In addition, it is believed to play a critical role in providing host defense 

against infection [5-9].  Relative lipid and protein percentages collected via bronchial 

lavage are shown in Table 1-1 [10-14]. 

Table 1-1.  Pulmonary surfactant make-up by weight %. 

Lipid / Protein                                                                Relative weight % 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)                              40 
Phosphoglycerols (PG)                                                                               8 
Unsaturated phosphocholines (PC)                                                          25 
Cholesterol                                                                                                  4 
Surfactant Proteins (SP-A, B, C, D)                                                            7 
Plasma Proteins                                                                                          3 
Other Lipids                                                                                                 7 
Fatty Acids                                                                                                   6 

 
These values can vary greatly due to age, environmental factors, disease, and whether 

in exhalation or inhalation [7, 8, 15, 16].  For example, surfactant production increases 

drastically at birth when the alveoli transition from fluid-filled with negligible surface 

tension, to gas-filled with substantial surface tension [9].  This is one of the underlying 

issues with preterm infant survival rates, as the lung has not had adequate time to 

develop and produce appropriate amounts of surfactant [17, 18].  Many factors go into 

producing sufficient amounts of surfactant including the secretion from Type II alveolar 

cells.  This process is not fully understood but is believed to occur in both a continuous 

manner and via regulated pathways [7, 9, 19-22].  Packaging of the surfactant is done 

within Type II cells in large concentric bilayers called lamellar bodies.  From here the 

lamellar bodies are secreted into the fluid phase surrounding the alveoli and unravel into 

highly structured tubular myelin.  Although not required, the tubular myelin assists in the 
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rapid adsorption of a monolayer of surfactant at the air-fluid interface [1, 2, 18-26].  

Furthermore, since the system is in continuous flux, the surfactant lipids have a turnover 

rate with a half-life of just five to ten hours, emphasizing the need for proper surfactant 

catabolism and recycling [9, 27, 28].  This is performed by alveolar macrophages and 

the type II cells which secrete the surfactant [28].  Figure 1-3 illustrates the process 

occurring near the alveoli air-fluid interface.  In the following sections a closer look will 

be given to the individual components that make up pulmonary surfactant in addition to 

problems that may arise from deficiencies. 

 

 

 

. 

 

 

 

 

 

 

Figure 1-3. Schematic of the processes occurring at the highly dynamic fluid interface in 
the alveolus, which includes a high rate of lipid turnover (every 5 to 10 hours).  
Surfactant proteins are shown interacting with lipids in an arbitrary placement.     

Pulmonary Surfactant Deficiency Diseases 

 Pulmonary surfactant plays such a vital role in proper lung function that any 

disturbance in production can drastically alter breathing capabilities.  This leads to a 

wide range of diseases as illustrated in Table 1-2 [18, 29, 30]. 

Air 

Fluid 
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Table 1-2.  Several diseases related to improperly functioning pulmonary surfactant [18, 
29, 30] 

       Disease                                               Possible Cause 

Adult Respiratory Distress Syndrome (ARDS)            Infection is most common 
Infant Respiratory Distress Syndrome (IRDS)             Insufficient surfactant production 
Pulmonary Alveolar Proteinosis (PAP)                        Surfactant accumulation 
Congenital Surfactant Deficiency                                 Genetic defects 
Pneumonia                                                                   Inactivation / deficiencies 
Asthma                                                                         Inactivation / deficiencies 

 
Unfortunately, due to the complexity and highly dynamic nature of the alveoli, treatment 

for many lung diseases is difficult and can last a lifetime.  Also, since the lung is the 

singular source of oxygen required by human cellular processes, affliction with some of 

these disorders can be fatal.  This was the case with infant respiratory distress 

syndrome (IRDS) until the first successful trial of surfactant replacement therapy was 

developed by Fujiwara et al. in 1980 [31, 32].  In the past thirty years since this 

landmark trial, RDS treatment has expanded from exogenous surfactant treatments to 

entirely synthetic options and will be discussed in more detail in the following section 

[32-42]. 

Respiratory Distress Syndrome 

Respiratory distress syndrome affects people of all ages, is caused by a wide 

range of factors, and leads to life-threatening illness.  Typically classified into two 

categories, acute respiratory distress syndrome (ARDS) and infant respiratory distress 

syndrome (IRDS), each is marked with an increase in alveolar surface tension resulting 

in a disturbance in the lungs’ ability to expand, termed compliance [29].  In the case of 

ARDS this is caused by factors such as: lack of surface-active compounds, changes in 

lipid composition, altering of surfactant protein composition, and inhibition of proper 

surfactant function by plasma protein leakage, among others.  These factors can be 
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brought on by infection, massive trauma, pneumonia, pancreatitis, and multiple blood 

transfusions, in addition to environmental factors like toxic gas inhalation [43-46].  In the 

case of IRDS, the most common factor leading to the disorder is lack of surface-active 

compounds.  This occurs because the lung is not needed during gestation; therefore, it 

is one of the last organs to fully develop.  When an infant is born preterm, the lungs 

have not had enough time to produce sufficient levels of pulmonary surfactant and 

require treatment to allow for normal lung function [1, 18, 32, 47].  In both ARDS and 

IRDS, the treatment of choice is administering either extracted lung surfactant from an 

exogenous source or, preferably, a synthetic version in which the immunogenic 

response is reduces.  The surfactant is introduced via a breathing tube directly into the 

lungs [18, 31, 45, 47].  Since the start of this type of treatment in the early 1980s, a 

significant reduction in infant mortality rates has been shown [48-51].  Increasing 

interest has been generated in the study of RDS due to the statistics illustrated in Figure 

1-4. 

 

 

 

 

 

 
Figure 1-4. Five leading causes of neonatal mortality, with RDS coming in fourth (left) 

and resulting in longest average hospital stay (right). 



 

25 

Surfactant Lipids 

 There are multiple components that make up functioning lung surfactant as 

shown in Table 1-1 and they can be grouped into two categories, surfactant lipids and 

surfactant proteins [10, 18].  The latter will be discussed in the following section as they 

play a vital role interacting with the lipids to allow proper lung function.  Of the lipids 

found in lung extract, the high content of DPPC is especially unique when compared to 

other biological systems.  This is because DPPC has two fully saturated acyl chains, 

giving it a high melting temperature of 41 °C.  This places it above a physiological 

temperature of 37 °C, making it rather unique among the lipid family.  Having DPPC at 

the air-fluid interface in alveoli makes sense though, as its fully saturated acyl chains 

allows it to be tightly packed or highly compressed and give it the ability to drastically 

reduce surface tension.  When Clements et al. began looking at lung surfactant extracts 

back in 1961; they compared them with pure DPPC to understand its importance [52].  It 

was determined by Langmuir-Blodgett trough measurements, and later confirmed by a 

captive bubble surface tensiometer, that the reduction of surface tension seen in lung 

surfactant extract was nearly identical to that of pure DPPC [52-55].  This is unusual 

given the composition shown in Table 1-1 where DPPC only makes up about 40 % of 

lung surfactant.  Current theories, however, hypothesize that there is an enrichment 

process occurring at the air-fluid monolayer in which DPPC is preferentially adsorbed 

[1].  This is very plausible as the average lipid composition is determined by lavage 

procedures involving a saline solution administered into the lungs [10, 18].  This process 

reveals an average concentration of lipids present; however, there are many concerns 

with obtaining surfactant in such a manner.  The introduction may disrupt the proper 

biophysical organization of the lipids, therefore generating surfactant form that may not 
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exist in vivo.  In addition, the composition obtained cannot discriminate from the 

microenvironment of the surfactant at the air-fluid interface and the bulk lipid 

composition found in lamellar bodies or other large scale structures.  Therefore, these 

numbers give a starting point to use for model studies but should be taken with 

skepticism as to the exact air-fluid interface lipid composition.  Another notable 

observation was by Hallman et al. in 1975 when elevated levels of phosphatidylglycerol 

(PG) in healthy lung extract were seen when compared to premature lung extract [56-

58].  It was determined that PG contributed to surfactant spreading and along with 

DPPC were two key lipids involved in proper lung function [59].  These two lipids will go 

on to play critical roles in the advancement of RDS treatments and will be extensively 

studied in later Chapters 3-5 of this work.  Interactions with surfactant proteins are the 

next big step in understanding the molecular mechanisms underlying the function of 

surfactant at the dynamic air-fluid interface.     

Surfactant Proteins 

 Surfactant proteins make up about 10 % by weight of the bronchoalveolar lavage 

extract and play critical roles in proper lung function and the body’s initial defense 

system [1, 6, 60-64].  Surfactant proteins are divided into two categories, hydrophilic 

surfactant proteins A and D and hydrophobic surfactant proteins B and C.  The 

hydrophobic proteins B and C have been shown to promote rapid adsorption of lipids to 

the air-fluid interface and are critical in proper lung function [65-69].  The hydrophilic 

proteins A and D aid SP-B and SP-C in promoting adsorption and play an important role 

in lung defense [60-64, 70].   

 Surfactant proteins B and C are small, hydrophobic proteins with a highly 

conserved primary sequence and are necessary for surfactant function in vivo [32, 71].  
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An important function of both SP-B and SP-C is their ability to form monolayers by 

themselves or as mixtures with DPPC, in addition to promoting re-adsorption of 

materials from collapsed, DPPC-containing monolayers [65, 67].  Their ability to perform 

these functions leads to their critical importance as shown in SP-B knockout studies in 

which animals either had significantly decreased lung compliance or did not survive 

after delivery [72-74].  An important finding from these studies is that SP-A, SP-C, SP-

D, and phosphatidylcholine concentrations remained normal, leading to a conclusion of 

the critical importance of SP-B [75].  Further detail on SP-B will be discussed in the 

following section.  SP-C gene knockout mice were generated and had normal lung 

function with only minor abnormalities [76].   

 Surfactant protein A is the most abundant protein in pulmonary surfactant and, 

like SP-D, is related to a family of water-soluble proteins called collectins, which contain 

both collagenous regions and C-type lectin domains [77].  The C-type lectin domains, 

also called a carbohydrate recognition domain (CRD), bind to specific complex 

carbohydrates of microbes allowing for the innate immune response and elimination 

[78].  In addition, SP-A binds to DPPC, while SP-D has been shown to bind to 

phosphatidylinositol (PI).  Both are present in lung surfactant [77].  SP-A also interacts 

with alveolar Type II cells, implicating it in proper formation of the highly structure 

tubular myelin [77, 79].  SP-A and SP-D play key roles in the innate immune system of 

the lung by allowing for immediate antibody-independent host defense [32, 60-64, 70].  

Knockout studies of SP-A and SP-D genes have shown retention of normal lung 

function, in addition to achieving adequate minimal surface tensions of compressed 

films when compared to wild type [79].  However, due to their role in host defense, 
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infections such as streptococci and pseudomonas commonly occurred in the knockout 

mice and they were more prone to die [80, 81]. 

Findings from these studies leads to an understanding of the importance of 

surfactant proteins to uptake and release of surfactant lipids from Type II epithelial cell; 

they however, do not provide a detailed understanding of their role in lowering surface 

tension [1, 82].       

Surfactant Protein B and Analogs 

Lung surfactant protein B is an extremely hydrophobic homodimer with two 79-81 

amino acid disulfide-linked subunits.  Each monomer contains an additional six 

cysteines used in intramolecular disulfide bonding [24].  These disulfide bonds, along 

with its high hydrophobicity, make protein purification difficult.  Synthetic, peptide-based 

lung surfactant replacements for treatment of RDS have shown promise and would 

reduce the purification difficulties and immunologic risks associated with exogenous 

animal derived lung surfactant [83, 84].         

Chemically synthesizing the entire dimerized SP-B is a daunting task so efforts 

have focused on producing truncated proteins and synthetic analogs of the N- and C- 

termini (SP-B1-25, SP-B59-80, and KL4) as well as a fusion construct of the N- and C-

termini of SP-B, termed Mini-B, which are less hydrophobic and lack the disulfide 

bridges of SP-B [42, 83-86].  This has proven successful since much of the activity of 

SP-B in lipid organization and dynamics have been attributed to the 20-25 amino acids 

on the N- and C- termini [83, 84, 87].  As with SP-B, the N- and C- termini form helices 

when exposed to a lipid environment; however, their individual roles are not well 

understood.  Although both ends of SP-B have shown considerable surface activity by 

themselves, similar activity to native SP-B has only been achieved by a construct of 



 

29 

both the N- and C- termini [88-93].  A fully synthetic mimic of SP-B has achieved great 

interest due to its ease of synthesis, low cost, and elimination of exogenous 

immunological drawbacks.  Cochrane and Revak began much of the synthetic mimic 

research in the early 1990s with KL4, which has achieved great success in FDA trials 

[94].  A more detailed look at KL4 follows in the next section. 

Introduction to KL4 

Discovery of KL4 

KL4 is an entirely synthetic mimic of the SP-B C-terminus which, much like SP-B 

and its analogs, forms helices in lipid environments, but its role in lipid trafficking is often 

unclear [42, 95].  It was developed by Cochrane and Revak, along with several other 

synthetic peptides to resemble the hydrophobic and hydrophilic domains of the SP-B C-

terminus [94].  The 21-mer KL4 peptide, KLLLLKLLLLKLLLLKLLLLK, demonstrates 

great clinical success in treatment of RDS and is currently available on the 

pharmaceutical market as one of the active components in the first-generation, 

completely synthetic, lung surfactant replacement product Surfactant® (Lucinactant). 

[92, 96-103].  Table 1-3 compares the amino acid sequence of SP-B C-terminus, KL4, 

and Mini-B (construct of N- and C-termini).  Although KL4 is a promising treatment for 

RDS, molecular level information on how it modulates surface tension in alveolar 

compartments is lacking.  The increased effectiveness of KL4 when compared to other 

commercially available formulations in addition to its vast difference in amino acid 

sequence suggest that understanding the way it affects the molecular and biophysical 

properties of the lipids is of great importance [104]. 
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Table 1-3.  Amino acid sequence of SP-B termini and SP-B analogs. 

Peptide                                                            Peptide Sequence 

SP-B 1-25                                                   FPIPLPYCWLCRALIKRIQAMIPK 

SP-B59-80                                                   DTLLGRLMPQLVCRLVLRCSMD 

KL4                                                            KLLLLKLLLLKLLLLKLLLLK 

Mini-B                                                       CWLCRALIKRIQAMIPKGGRMLPQLVCRLVLRCS 

 
Structure and Function of KL4 

As with the terminal ends of SP-B, KL4 has been found to adopt a helical 

conformation in a lipid environment, as shown with circular dichroism and Fourier 

transform infrared spectroscopy (FTIR) [42, 95, 105].  There have, however, been 

competing theories as to whether the helix partitions into the bilayer, either in the plane 

of the bilayer or in a transmembrane orientation.   

To further elucidate the structure, function, and orientation of KL4 in lipid bilayers, 

the following lipid systems are typically used: fully monounsaturated POPC:POPG (3:1) 

and DPPC:POPG (4:1). The latter contains the fully saturated DPPC lipid and is being 

used in the therapeutic formulation, Lucinactant.  Models for KL4 partitioning into lipid 

bilayers have fallen into two categories; a transmembrane helix and a helix lying in the 

plane of the bilayers.  The 21-residue length of KL4 allows it to adopt a transmembrane 

helix; however, it would bury 2-3 charged lysine side chains in the hydrophobic interior.  

A high percentage of leucine side chains and secondary structure could overcome this 

barrier, but previous studies using similar amino acid ratios suggest that a 

transmembrane orientation is only likely when the lysines are positioned closer to the N- 

and C-termini [106].  Nonetheless, recent studies have shown contradicting evidence in 

which a transcription-translation assay found KL4 capable of overcoming the energetic 

barrier and crossing the membrane [107], and another 2H solid-state NMR study in 

which KL4 was shown to adopt a helix lying in the plane of the bilayer [86].  The former 
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studies compared the ΔGapp values (calculated using ΔGapp Prediction Server v1.0, 

http://www.cbr.su.se/Dgpred/) for insertion in endoplasmic reticulum (ER) membranes of 

KL4 and the naturally occurring sequences, SP-B59-79 and SP-C13-35, which KL4 is most 

closely mimicking. These studies predict that SP-C13-35 is transmembrane (-4.35 

kcal/mol), an transmembrane orientation of SP-B59-79 would be unfavorable (+3.12 

kcal/mol), and KL4 has a ΔGapp closer to SP-C13-35 (-2.14 kcal/mol) [25, 107-109].  Their 

experiments to assay insertion used a transcription-translation assay with integration of 

KL4 into Escherichia coli inner membrane protein leader peptidase (Lep), which is 

translated in ER-derived microsomal membranes and assayed for glycosylation using 

proteinase K to determine whether the peptide is transmembrane.  This assay, 

however, has two major drawbacks when used with KL4.  First, the addition of the Lep 

protein may influence the secondary structure of KL4 in the lipid bilayer.  Secondly, KL4 

is known to alter lipid dynamics and trafficking, therefore, altering the overall integrity of 

the microsomal membranes.  In addition, the ΔGapp calculated assumes a typical α–

helix conformation which may not be the case, as other studies using ssNMR have 

suggested KL4 adopts a structure with a lower helical pitch in DPPC:POPG and 

POPC:POPG membranes [42].  With these structures its hydrophobic moment would be 

increased 3-4 kcal/mol, making transmembrane insertion much less favorable [86].  The 

latter study involving 2H solid-state NMR suggests that KL4 adopts a helix lying in the 

plane of the bilayers due to difference seen in the dynamics of leucine side chains 

which, if transmembrane, would have similar dynamics [86].  These studies, however, 

looked only at two sides of the helix instead of a complete turn around the predicted 

helix.  Studies using FTIR have also led to conflicting models of the structure and 
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orientation of KL4.  In early work using DPPC:DPPG (7:3), KL4 was found to be helical 

and spanning the bilayer in a transmembrane confirmation [95].  Later FTIR work in 

either DPPC or DPPC:DPPG (7:3) mixtures have shown that KL4 lies along the surface 

of the lipids as a mixture of β–sheet and α–helix [110].  However, once again these 

assays assume that KL4 adopts a classic β–sheet or α–helix which may not be the case.  

To further complicate this system, it has been suggested that KL4 adopts a helix in the 

plane of the bilayer while also penetrating the bilayer to different extents depending on 

whether the fully saturated DPPC lipid is used.  This was shown indirectly with 2H and 

31P NMR studies of deuterated lipids and suggested that KL4 partitions further into 

DPPC:POPG (4:1) than POPC:POPG (3:1) vesicles [86]. 

Understanding the orientation within the lipid bilayer will provide insights into its 

functional properties and assist in further development in effective respiratory distress 

syndrome treatments.  In Chapters 4-6 we will optimize the lipid mixture compositions, 

power saturation parameters, and buffer pH.  In addition, we will determine the 

orientation of KL4 and depth profiles in two lipid systems, DPPC:POPG (4:1) and 

POPC:POPG (4:1) vesicles. 
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CHAPTER 2 
BACKGROUND FOR TECHNIQUES AND METHODOLOGIES 

Introduction 

Methods such as automated solid-phase peptide synthesis, site-directed spin 

labeling (SDSL), circular dichroism spectroscopy (CD), continuous-wave electron 

paramagnetic spectroscopy (CW-EPR), and CW power saturation were utilized in the 

work of this dissertation.  General overviews for each of these methods are given in the 

following sections. Specific details related to my studies are also provided in 

subsequent material and methods sections of each Chapter. 

Peptide Synthesis 

 The relatively small size of KL4, KLLLLKLLLLKLLLLKLLLLK, containing 21 

amino acids, rendered it easily amendable to peptide synthesis.  KL4 was synthesized 

via automated solid-phase peptide synthesis on a Wang resin at the Interdisciplinary 

Center for Biotechnology Research (ICBR) at the University of Florida, using an Applied 

Biosystems ABI 430 peptide synthesizer operated by Dr. Alfred Chung [92, 111, 112].  

The peptide was cleaved from the resin with 90% trifluoroacetic acid (TFA)/ 5% 

triisopropylsilane/ 5% water and ether precipitated.  Purification of the cleaved product 

was carried out by reverse-phase high performance liquid chromatography (RP-HPLC) 

using an acetonitrile/ water gradient containing 0.3 % TFA.  Fractions corresponding to 

KL4 were collected and purity and concentration was verified by amino acid analysis 

(AAA) at the Molecular Structure Facility at the University of California, Davis.  This 

technique allows for a high level of accuracy in concentration and purity by using 

Edman degradation, fluorescent labeling, and analytical HPLC to determine the amino 

acid concentrations from the N- to C-terminus direction of small peptides (<30 amino 
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acids) [113, 114].    In addition to native KL4, cysteine variants were synthesized.  In that 

process, individual leucines were replaced by cysteine (C7-C10, C12-C15) purified and 

mass verified (m/z=2459) in the same manner as stated above.  Figure 2-1 shows one 

of the amino acid analysis results for KL4. 

 
 

 

 

 

 

 

 

 

Figure 2-1. Typical amino acid analysis (AAA) mass spectrometry used to determine the 
relative number of amino acids per peptide (right).  A result of 16 leucines for 
every 5 lysines verifies native KL4. 

Site-directed Spin Labeling 

Site-directed spin labeling (SDSL) is a technique that introduces a paramagnetic 

species at a specific site in a protein or other biological molecule, typically by chemical 

modification of a cysteine residue, and renders the molecule EPR active [115].  When 

used with EPR, conformations, conformational changes, solvent accessibility, and 

bilayer depth profiles are among a few of the details that can be extracted from the 

specific labeled site making it a well-suited technique to study membrane bound protein 

or peptides [116-123]. 
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Site-directed spin labeling exploits the chemical reactivity of the cysteine residue 

to allow for attachment of various spin-labels [117, 119, 124].  Typically a cysteine 

residue is introduced via site-directed mutagenesis, in which the DNA is manipulated 

such that a codon for cysteine is positioned at a chosen point within the sequence [115, 

119].  As KL4 is readily available by automated solid-phase peptide synthesis, changing 

a desired leucine to a cysteine is well suited for this technique.  After KL4 has been 

modified to include the cysteine, the peptide construct is further modified with a spin 

label.  The label of choice for these studies is iodoacetamido-PROXYL, (IAP) because it 

forms a non-reducible carbon sulfur bond and is shown in Figure 2-2. 

 
 

 

 

 
Figure 2-2. The site-directed spin-labeling scheme of a cysteine residue’s free thiol with 

iodoacetamido-PROXYL (IAP) used to form the non-reversible carbon-sulfur 
bond.  The resulting modified cysteine residue is referred to as R1 and will be 
used in KL4 studies described in this dissertation.   

The sensitivity of the EPR nitroxide spectral line shapes resulting from these 

various spin labels to local dynamics, conformational changes, and local secondary 

structural elements allows researchers to monitor the spin label environment using CW 

EPR spectrometers (Figure 2-3) [117, 118, 125-127].  To better elucidate information 

from the spectral line shape the types of motion that are being detected by the SDSL-

EPR technique need to be understood.  There are three types of motion to consider in 

interpreting SDSL results: the intrinsic motion of the nitroxide spin label, the backbone 

motion due to the flexibility with the region of the protein the label is attached, and the 
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overall tumbling of the peptide or protein.  Each of these can be altered experimentally 

by changing the spin label of choice, temperature, viscosity, or altering the overall size 

of the tumbling system [119].  A variety of semi-quantitative line-shape parameters will 

be used and discussed in the subsequent EPR section. 

 

 

 

 

 

 

Figure 2-3. CW-EPR spectra for various scenarios: unrestricted motion on the EPR 
timescale (A), gradually more restricted motion (B & C), and a powder-like 
spectra in which the spin label is almost static (D). 

In addition to studying the EPR spectra of SDSL proteins, another useful CW-EPR 

technique that assists in elucidating information about membrane-bound proteins is to 

introduce a spin label onto a lipid, either on the acyl chain as a doxyl nitroxide at varying 

positions or on the polar head group in the form of a TEMPO nitroxide (Figure 2-4) [117, 

120, 128-130].  Spin-labeled lipids compliment well with SDSL protein for EPR studies 

as an understanding of both the protein and lipid membrane environments can be 

determined.  Addition of a small amount of spin-labeled lipid (1 mol %) to a lipid system 

of choice gives excellent sensitivity for CW-EPR line shape analysis.  In addition, it 

allows for additional techniques such as power saturation to be performed to determine 

a relative depth profile which will be discussed later.  Using a low concentration of doxyl 

lipid minimizes perturbation of the lipid system and limits interaction between 

neighboring spins.   Spin-labeled lipids are also widely commercially available at purities 
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of >99% with doxyl labels at positions 5, 7, 10, 12, 14, and 16 along the acyl chain of 

PSPC as well as a Tempo label attached directly to the head group of DPPC or POPC 

(Figure 2-4).  In addition to these commercially available, several groups have 

synthesized additional spin-labeled lipids [131, 132].      

 

Figure 2-4. Structure of 1-palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine 
(left) and 1,2-dipalmitoyl-sn-glycero-3-phospho(tempo)choline (right). 

Circular Dichroism Spectroscopy 

 Circular dichroism (CD) is a technique that observes differences in absorption 

between left and right-handed circularly polarized light as a function of wavelength.  

Most notably, this technique is used to study optically active molecules such as 

biological molecules [133, 134].  The secondary structures of such molecules impart 

distinct CD spectra which allow for determination of α–helical, β-sheet, and random coil 

content [135-137].  To understand the technique, circularly polarized light must be 

defined as θ = 45° with ER and EL being the magnitudes of the electric field vectors of 

right and left-circularly polarized light, respectively (Figure 2-5).  Having θ = 45° means 

that there is complete absorbance of the circularly polarized light in one direction; 

hence, the light is circularly polarized and by definition, chiral. This contrasts with 

linearly polarized light in which there is no difference between ER and EL, where θ = 0°.  

The chiral property of circularly polarized light allows it to interact with chiral molecules 

in a distinct way which in turn gives rise to its importance in studying biological 

molecules.  When circularly polarized light passes through a protein sample, the 
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ER - EL
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difference in absorption of left and right-circularly polarized light gives rise to an 

ellipticity which can be measured to generate a wavelength-dependent plot of 

differential absorption of circularly polarized light.   

 

 

 

 

 

Figure 2-5. Elliptical polarized light (purple) is composed of unequal contributions from 
right (red) and left (blue) circular polarized light.  Figure adapted from 
Wikipedia. 

When circular dichroism is used to determine secondary structural elements in 

proteins or peptides, the far ultraviolet (UV) region monitored is 180-250 nm, where the 

peptide bond is absorbing the left and right-handed circularly polarized light to different 

extents.  Depending on the structure of the protein backbone; albeit α-helical, β-sheet, 

or random coil, a distinct CD spectrum will be obtained (Figure 2-6).  In the case of 

membrane bound proteins in which lipid vesicles are used, scattering from the lipids 

occur in the region below 200 nm, so CD spectra are typically truncated to the 200 – 

250 nm region [136, 138-140].  Changes in secondary structure can be elucidated by 

comparing CD spectra as a function of sequence and environment and used to 

determine perturbations in the peptide or protein secondary structure. 

Circular dichroism instrumentation, however, does not account for important 

experimental factors in recording the raw data spectra, so calculations are needed to 

unify reported CD spectra. 
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Figure 2-6. Sample circular dichroism spectra for α-helix (grey), β-sheet (blue), and 

random coil (green).  Figure adapted from Chapman. 

Raw data is typically expressed in units of millidegrees (θ) and converted to the 

reported mean residue ellipticity [θ] (deg cm-2dmol-1residue-1), as shown in Equation 2-

1, where [θ] is the mean residue ellipticity, θ is the ellipticity, Mr is the protein molecular 

weight, c is the protein concentration (mg/mL), l is the cell path length, and NA is the 

number of amino acids. 

 

                                                                                                         (2-1)   
 
Further factors during sample preparation must also be considered when 

accurately measuring secondary structure of the protein sample.  Purity of sample is of 

high importance as any non-target proteins will alter the overall secondary structure 

ensemble leading to misinterpretation of data.  In addition, with a focus on secondary 

structure, the protein must be properly folded in an ideal buffer of low concentration (< 5 

mM) while maintaining structural integrity. Typical protein concentrations should be 

maintained around 0.5 mg/mL.  Any additive to the sample should not absorb in the far-

UV region, with the exception of lipid vesicles mentioned earlier.  When lipid vesicles 
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are introduced they need to be accounted for in the background subtraction and 

extruded through nanoporous membrane to reduce the size of the vesicles and reduce 

light scattering.   

 The ease of CD spectroscopy makes it a popular tool when studying proteins and 

when altering proteins to enable other techniques such as SDSL-EPR.  There are 

drawbacks, however, to the interpretation of CD spectra as they give an overall view of 

the secondary structure rather than information on a specific region of interest.  This 

means that although secondary structure is revealed, actual determination of a properly 

folded protein is not possible.  Keeping this in mind, CD spectroscopy should be used 

strictly to show if a protein is changing its structure and never to determine if the protein 

is indeed properly folded into its functional form.  When using SDSL it is always 

recommended to do CD on the samples because it can show small changes in 

secondary structure due to the spin label perturbing the protein structure.  In addition, 

CD is a non-destructive technique so hard to obtain samples aren’t wasted.    

Continuous-Wave Electron Paramagnetic Resonance Spectroscopy 

Introduction 

Electron paramagnetic resonance spectroscopy (EPR), also known as electron 

spin resonance (ESR), is a technique for studying chemical species that contain one or 

more unpaired electron.  These paramagnetic species include organic free radicals and 

inorganic transition metal complexes.  Similarities exist between EPR and nuclear 

magnetic resonance (NMR); however, EPR looks at electronic spin transition while 

NMR looks at nuclear spin transitions.  Although not as widely used as NMR, EPR has 

increased in use due to the introduction of SDSL which allows for its use in systems 

which are not naturally EPR active.  In its simplest form, a free radical in solution, the 
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electron has a magnetic moment and spin quantum number s = ½ with spin states ms = 

±1/2.  In the absence of an external magnetic field, these spin states are degenerate, 

simply meaning the energy of the two spin states, ms = +1/2 (antiparallel) and ms = -1/2 

(parallel) are equal.  When an external magnetic field is applied these states have 

different energies leading to transition energy between them known as the Zeeman 

Effect.  The difference between these two energy levels is described by the Zeeman 

equation (Equation 2-2), where ge is the electron’s g-factor, μB is the Bohr magneton, 

and β is the strength of the applied magnetic field.  The Bohr magneton (9.274 x 10-24 J 

T-1), is a physical constant and is expressed using Equation 2-3, where e is the 

elementary charge, ħ is the reduced Planck constant which puts it in terms of radians 

(1.054 x 10-34 J s / 2π), and me is the electron’s resting mass (9.109 x 10-31 kg). 

                                                                                                          (2-2) 

                                                                                                                       (2-3) 

In practice, CW-EPR is performed by keeping the frequency fixed as the magnetic 

field is swept with field modulation, therefore, this means the energy gap between ms = 

+1/2 and ms = -1/2 is changed until it matches the frequency of the microwave or 

resonance condition, at which point the unpaired electron can transition between the 

two spin states.  Due to the Maxwell-Boltzmann distribution there are typically more 

electrons in the lower energy state, which leads to a net absorption of energy.  It is this 

absorption which is monitored and converted into an EPR spectrum.  The energy 

diagram describing this is shown in Figure 2-7A, while the simplest form of an EPR 

spectrum is shown in Figure 2-7B.  While this is the case for the simplest free electron, 

more complicated systems are typically observed with more complex resulting spectra.  
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For EPR being performed in conjunction with SDSL, in which a nitroxide spin label is 

used, the spin of the electron, s = ½, interacts with the nuclear spin of the nearby 

nitrogen (I = 1) via the hyperfine interaction.  In this case, both the ms = +1/2 and ms = -

1/2 energy levels are split into three hyperfine energy levels dues to the 2I+1 splitting 

rule.  The energy diagram for this case is shown in Figure 2-8A, in addition to a 

corresponding derivative of the absorption spectrum in Figure 2-8B. 

 
 

 

 

 
 

Figure 2-7. (A) An energy diagram for a free electron in an applied magnetic field. (B) A 
corresponding first derivative spectrum. 

 
 

 

 

 
Figure 2-8. (A) An energy diagram for a system with a free electron (ms = ½) being split 

into three allowed energy transitions due to the hyperfine interaction with a 
nitrogen nucleus (mI = 1). (B) A derivative spectrum of a nitroxide spin label 
with the following energy diagram. 

As mention previously, in conventional CW-EPR the frequency is held constant 

throughout the experiment while the magnetic field is swept; however, spectra can be 

collected at different frequencies depending on the sample of interest.  For most 
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studies, including those presented in this dissertation, collection is done in the X-band 

range where resonances occur at magnetic fields around 3480 Gauss (0.35 T) and 

frequencies of about 9.75 GHz.  Other common EPR frequencies can be found in Table 

2-1. 

Table 2-1.  Common microwave bands and frequencies used in CW-EPR. 

Band Frequency (GHz) Bresonance (Gauss) 
X 9.75 3480 
Q 34.0 12000 
W 94.0 34000 

 
Nitroxide Spectral Line Shapes 

 As previously stated and shown in Figure 2-4 the nitroxide EPR spectral line 

shape is highly sensitive to motion of the spin label environment and changes 

dramatically with correlation time, or the time it takes for a molecule to rotate one radian 

on average.  To reiterate this, Figure 2-9 shows EPR spectra, which span a range from 

low correlation times (top) to much higher correlation times (bottom). 

The dependence of correlation time on the mobility of the spin label can be broken 

down into three modes of motion [127, 142, 143].  The first is the internal correlation 

time (τi) is determined by the intrinsic local mobility of the spin label which varies with 

type of spin label.  To an extent this is experimentally distinguished by choosing a wide 

variety of spin labels with different bulky head groups as well as connectivity 

differences.  Several common spin-labels are shown in Figure 2-10 with R1 

corresponding to the boxes.  The second mode is a rotational correlation time (τR) and 

is determined by the overall rotation of the protein.  Rotational correlation time is 

dependent on the size of the protein if it is solubilized or the size of the system if it is 

membrane bound in a lipid vesicle.  Sample conditions play an important role in 

determining τR such as temperature, viscosity, and buffer make-up.   
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Figure 2-9. Dependence of EPR line shape on motion 

 
Figure 2-10. Common spin-labels utilized in SDSL. (A) (1-oxyl-2,2,5,5-tetramethyl-Δ3-

pyrroline-3-methyl) methanethiosulfonate (MTSL), (B) 3-(2-iodoacetamido)-
PROXYL (IAP), (C) 4-maleimido-tempo (MSL), and (D) 4-(2-iodoacetamido)-
tempo (IASL).  Figure modified from Luis Galiano’s dissertation. 

The third mode of mobility (τB) is determined by backbone fluctuations in the protein and 

local dynamics affected by neighboring molecules.  This mode changes when the spin 

label is located at different secondary and tertiary structure locations on a protein or 

when a protein undergoes a conformational change. 

Fast 
(τ ≈ 0.5 ns) 

Intermediate 
(τ ≈ 3 ns) 

Slow 
(τ ≈ 10 ns) 

Rigid 
(τ > 100 ns) 
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Line Shape Data Analysis 

 CW-EPR line shapes can be analyzed in qualitative, semi-quantitative, and 

quantitative manners.  This is due to the mobility allowed for a given spin label reflects 

greatly on the overall breadth of a spectrum as well as specific spectral features.  In 

terms of qualitative analysis, a look at a spectrum’s overall characteristics help to 

describe it in terms of breadth.  Examples are shown in Figure 2-3 in which the 

spectrum goes from very narrow in Figure 2-3A to very broad in Figure 2-3D.  A semi-

quantitative analysis of spectra can be done by measuring spectral parameters such as; 

peak to peak line width of the central resonance line (ΔHpp); ratios between normalized 

intensities of the three resonance lines, most notably the central resonance line h(0) 

over the low field line h(1); the second moment (<H2>); and an order parameter (S) 

which compares the spectrum to that of a completely static and completely mobile 

spectrum, giving a value between 0 and 1.  There are other mobility parameters used 

throughout the EPR community, but the focus of this dissertation will be on using these 

more commonly measured ones.  Figure 2-11 shows a graphical representation of the 

first three parameters and a more detailed explanation follows.  The fourth parameter 

(S) involves a little more detail so it is shown in Figure 2-12. 

 

 

 

 

 

Figure 2-11. Spectral representation of determining three common mobility parameters 
(A) ΔHpp (B) normalized intensities and (C) second moment (<H2>). 
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Figure 2-12. Two spectra indicating the parameters used to calculate an order 
parameter (S) as typically used in doxyl lipid mobility calculations. 

The first parameter mentioned, ΔHpp, is defined as the distance, in Gauss, 

between the maximum and minimum of the central resonance in a first derivative 

spectrum.  When mobility, and therefore correlation time, is affected, ΔHpp will 

experience either a narrowing or broadening which can easily be seen in Figure 2-9.  A 

short correlation time (high mobility) gives a narrow ΔHpp, while a longer correlation time 

(restricted mobility) gives a much broader ΔHpp.  In addition to looking directly at the 

ΔHpp, a scaled mobility, Ms, can be used by normalizing the ΔHpp measured by the 

spectral line widths of the most mobile and immobile proteins to compare data collected 

on different instruments.  Equation 2-4 gives the formula for calculating Ms, where δi, δm, 

and δexp are the ΔHpp from the most immobile, most mobile, and experimental EPR 

spectra, respectively. 

                                                                                                           (2-4) 

Comparison of normalized resonance peak intensities is another way of 

quantitatively comparing mobility of spin labels between two or more samples.  This 

involves normalizing all derivative spectra to the same number of spins via double 

integration and comparing two of the three normalized EPR resonance intensities, low 
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field ILF, center field ICF, or IHF.  Most commonly, the ratio of the center field and low field 

intensities (ICF/ILF) is used to compare spin-labeled samples.  In the case of highly 

anisotropic motion, the line shapes become broadened as shown in Figure 2-1, which in 

turn leads to a decrease in the normalized intensities of each resonance.  On the other 

hand, a fast isotropic motion generates an EPR line shape with narrow peaks of high 

intensities and therefore an increase in ICF/ILF.  This is a useful tool to use in conjunction 

with ΔHpp since the combination of multiple semi-quantitative parameters gives a better 

overall understanding of the spectra.   

 Spectral second moment calculations are different from the other parameters 

mentioned because they analyze the absorption spectra rather than the derivative 

spectra to determine an overall spectral breadth.  Calculating second moments can be 

challenging as it involves a precise baseline correction and a need to account for any 

asymmetry contained within each spectrum.  Typically, second moments are the 

common moment found in literature, but in theory further moments can be calculated as 

shown in Equation 2-5, where H0 is the center field, Hj-Hj-1 is the step size, Hj is the field 

value for any point j, and yj is the intensity at point j. 

                                                                               (2-5) 

The last parameter shown is the order parameter, S, which is used when 

determining mobility around a doxyl spin label of interest and is determined using 

Equation 2-6.  In determining S, the parameters T║ and T┴ are evaluated for spectra 

with reduced mobility of the doxyl spin label.  This being the case, S is usually not used 

for spin labeled acyl chains deeper in bilayers since the mobility is high in the fluid 

hydrophobic interior of membranes.  In evaluating S, the experimental calculations 
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(Figure 2-12) are compared with the case of zero mobility provided by simulations as 

shown in Equation 2-6 [144].  The order parameter ranges between zero to one for 

isotropic mobility to zero mobility, respectively.  This gives another useful tool in 

comparing data between instruments and different sample preparations. 

         

       )                                                  (2-6) 

Equation 2-6. Order parameter (S) calculations use the T║ and T┴ measured from 
experimental data and compare them to those calculated for the rigid limit 
spectrum of a doxyl spin label, Tzz and Txx.  In addition, polarity differences 
are taken into account for each spectrum via a and a’.    

Power Saturation CW-EPR Spectroscopy 

Introduction 

 Power saturation is a CW-EPR technique that introduces a secondary 

paramagnetic collider into the sample to look at the distance between the collider and 

the spin-label via Heisenberg exchange interactions [116].  Power saturation allows for 

an indirect measure of a relative depth parameter in the lipid environment for doxyl spin 

labels on lipids as well as nitroxide spin labels on proteins within a membrane.  This 

technique exploits the polarity gradient within lipid bilayers and the resulting partitioning 

of hydrophobic and hydrophilic molecules to the lipid and aqueous phases, respectively.  

In lipid bilayers there is a hydrophobic region, made up of lipid acyl chains, and a 

hydrophilic region, comprised of the polar head groups and the surrounding aqueous 

environment.  The bilayer interior, however, is non-uniform, and consists of gradients of 

both fluidity and polarity along the bilayer normal [120, 145, 146].  Small molecules can 

diffuse into the bilayer with a gradient depending on both concentration and polarity 

[116].  According to Hubbell, the concentration gradient can be defined by “a distance-
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dependent standard chemical potential in the bilayer, where Ci,m(x) is the concentration 

of species I in the bilayer at a distance x from the interface, Ci,w is the uniform 

concentration of neutral species I in the aqueous phase, μi,m and μi,w are the 

corresponding Henry’s law standard state chemical potentials, T is the temperature, and 

R is the Boltzman constant” (Equation 2-7) [116]. 

                                                                                          (2-7) 

Introduction of another paramagnetic species, other than the spin label, either in 

the aqueous phase, such as a soluble transition metal complex, or in the hydrophobic 

interior, such as molecular oxygen, allows EPR to benefit from this gradient.  The 

paramagnetic collider that has been introduced into the membrane system of interest is 

allowed to interact, via Heisenberg exchange, with other paramagnetic species around 

it, such as the spin label.  The rate at which the Heisenberg exchange occurs is 

proportional to the collision rate and is expressed by Equation 2-8, where Wex is the 

Heisenberg exchange rate, p is the exchange probability, g is a steric factor, d is the 

collision diameter, Dm(x) is the position-dependent relative diffusion coefficient, and 

Cm(x) is the position dependent concentration given in Equation 2-8 [116]. 

                                                                                              (2-8) 

The collision rate is, therefore, dependent upon the depth in the bilayer in addition to 

many other factors such as steric hindrance, diffusion constants, and concentrations 

along the bilayer normal.  However, by using two different paramagnetic colliders with 

relatively similar sizes and opposite partitioning gradients, i.e. a transition metal 

complex and oxygen, and by taking the ratio of their exchange rates with a given spin 

label, many of these factors cancel and the ratio solely depends on the distance through 
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the concentration gradient.  Studying the exchange rates between the colliders and the 

spin label allow determination of a depth profile within the bilayer.  The paramagnetic 

colliders chosen are fast-relaxing so their effect on nitroxide spin labels is dominated by 

Heisenberg exchange, as previously stated, and produces changes in the spin-lattice 

relaxation time (T1) of the spin label proportional to the collision rate, Wex [147].  The 

experimental quantity calculated, ΔP1/2, which will be described in detail shortly, is 

related to this exchange rate according to Equation 2-9, where T*
2e is the electron spin-

spin relaxation time. 

                                                                                                       (2-9) 

Equations 2-7, 2-8, and 2-9 suggest that the logarithm of the experimental quantities 

ΔP1/2, Φ, follow Equation 2-10. 

                                                                (2-10) 

Meaning Φ is directly related to the difference in chemical potentials of the two 

paramagnetic colliders regardless of depth, with no consequence of viscosity or steric 

constraints caused by the system in study.  In addition, using a ratio of the two colliders, 

T*
2 cancels out leaving Φ independent of EPR line-shape and, therefore, useful over 

many systems.  An assumption to this technique is that the chemical potentials have 

simple monotonic depth dependence, which is typically the case when two similar sized 

colliders are used.   

Statistical Analysis       

Power saturation was developed and tested on the protein system 

bacteriorhodopsin by Dr. Hubbell and has since been used on many other systems 
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[116].  The technique is performed by collecting EPR spectra of samples placed in gas-

permeable TPX capillary tubes so they can be purged with either air or nitrogen 

depending on the study of interest.  The first derivative peak-to-peak amplitude, A, of 

the central resonance (mI=0) is measured and plotted as a function of microwave 

power, P, over an incident power range of 0.2-63 mW.  The resultant curves are fit to 

Equation 2-11.     

                                                                    (2-11) 

Where I is a scaling factor, P1/2 is the power at which the resonance amplitude is one-

half its unsaturated value, and ε is a measure of homogeneity of the saturation of the 

resonance spin [148].  P1/2 values are obtained under three conditions for all 

peptide/lipid samples: hydrated vesicles equilibrated under nitrogen gas, hydrated 

vesicles equilibrated under air (20% oxygen), and hydrated vesicles equilibrated with 

aqueous, soluble 10 mM NiAA (or other aqueous soluble collider such as NiEDDA) 

under nitrogen gas.  ΔP1/2 values for oxygen and NiAA are obtained by subtracting the 

P1/2 value for nitrogen from the P1/2 values of oxygen and NiAA.  The depth parameter, 

Φ, is calculated by Equation 2-12. 

                                                                                                   (2-12) 

In addition, collision parameters, π, for oxygen and NiAA can be calculated according to 

Equation 2-13. 

                                                                   (2-13) 
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The π-values for NiAA were calculated by substituting P1/2(NiAA) for P1/2 (Oxygen) in the 

equation above.  This π value is normalized so that it can be compared between 

different laboratories regardless of the instrument or resonator used.    

Applications 

 As previously mentioned, a depth profile to determine partitioning depth within 

the bilayer can be achieved via power saturation [116].  This allows a wide range of 

applications such as; conformational changes of a membrane protein upon substrate 

binding, relative location of specific amino acids within a bilayer, and orientation of a 

protein in a bilayer (transmembrane, tilted, or in the plane of the bilayer) [116-119, 121-

123, 126, 149].  A common practice is to experimentally measure Φ for doxyl labeled 

lipids at different depths along the acyl chain.  These values can then be compared to Φ 

values experimentally determined at different SDSL positions along a membrane bound 

protein of interest [116].  A relative depth of amino acids can then be used to determine 

orientation and partitioning depth in the bilayer.  This makes it a powerful tool for 

membrane bound proteins, which are notorious for being difficult to structurally 

characterize in lipid bilayer environments [116, 131]. 
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CHAPTER 3 
OPTIMIZATION FOR CONTINUOUS WAVE ELECTRON PARAMAGNETIC 

RESONANCE STUDIES 

Introduction 

As described in Chapter 1, studies of surfactant protein B and its analogs are 

commonly done in DPPC:POPG (4:1) and POPC:POPG (3:1) lipid mixtures.  

DPPC:POPG (4:1) is commonly used in FDA approved treatments such as Survanta® 

while POPC:POPG (3:1) is a lipid system mimicking cell membranes which is commonly 

employed to probe cationic, amphipathic protein interactions such as antimicrobial 

peptides (AMPs) with lipids [150-152].  Lipid phases of these compositions can likely be 

found in localized areas of alveoli during normal breathing cycles [153].  In Chapter3, 

the content of POPG between POPC:POPG (3:1) and POPC:POPG (4:1) and its effect 

on CW-EPR will be discussed and explained.  In addition, optimization of parameters 

such as temperature and choice of power saturation paramagnetic colliders for use in 

Chapters 4 and 5 will be discussed. 

Materials and Methods  

Materials 

POPC, DPPC, POPG, and n-doxyl-PSPC were purchased as chloroform solutions 

from Avanti Polar Lipids (Alabaster, AL) and quantified by phosphate analysis (Bioassay 

Systems, Hayward, CA). Iodoacetamido-PROXYL spin label (IAP) was purchased from 

Sigma and used as received.  Unless otherwise stated, all other reagents were 

purchased from Fisher Scientific (Hampton, NH) and used as received. 

KL4, KLLLLKLLLLKLLLLKLLLLK, was synthesized via solid-phase peptide 

synthesis (ICBR Facility, UF), purified by RP-HPLC, and verified by mass spectrometry 
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(m/z=2469). Peptide was dissolved in methanol and analyzed by amino acid analysis to 

determine concentration (Molecular Structure Facility, UC Davis).   

Methods  

Preparation of lipid/peptide samples 

Lipid mixtures were prepared by mixing appropriate volumes of stock lipid 

chloroform solutions.  For samples containing peptide, the peptide was added as a 

methanol solution to the lipid mixture in chloroform.  Organic solvents were evaporated 

using dry nitrogen; the lipid films were re-suspended in warm cyclohexane (~45 °C), 

flash frozen and lyophilized.  For each combination of lipids and peptide, two separate 

samples were prepared.  The first was rehydrated with 140 mM NaCl, 10 mM Bis-Tris 

buffer, pH 6.5, and the second was rehydrated with 140 mM NaCl, 10 mM Bis-Tris 

buffer, pH 6.5, containing 10 mM NiAA or 20 mM NiEDDA.  The hydrated dispersions 

were subjected to 5 freeze-thaw cycles to form MLVs and had a final 10 mM lipid 

concentration.   Samples containing spin-labeled lipid had 1 mol% of either doxyl-PC or 

tempo-PC added relative to the unlabeled lipids. 

CW-EPR spectroscopy  

CW-EPR spectra were collected on a modified Bruker ER200 spectrometer 

(Billerica, MA) with an ER023M signal channel, an ER032M field control unit, and a loop 

gap resonator (Medical Advances, Milwaukee, WI).  Spectra of samples containing spin-

labeled were recorded at 45 °C using a 2 mW power level.  Temperature was regulated 

by passing either air or nitrogen gas through a copper coil in a recirculating bath 

(Thermo Scientific) containing 40% ethylene glycol.  This setup is shown in Figure 3-1. 
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Figure 3-1. Temperature control set-up; A) thermocouple thermometer, B) quartz Dewar 
around the sample in the loop gap resonator, C) copper coil submerged in 
recirculating bath, D) gas connected to quartz Dewar. 

Samples are stored in a -20 °C freezer and allowed to thaw before use on the 

EPR.  Lipid samples are then heated to above their melting temperatures and placed in 

the loop gap resonator with the preheated quartz Dewar and allowed to equilibrate at 

least 20 minutes prior to sample collection.  CW EPR spectra were collected with one 

Gauss modulation amplitude and 100 or 125 Gauss sweep widths; the latter was used 

for spin-labeled peptide.  Additional spectra were collected at 20 Gauss sweep widths 

for more accurate determination of ΔHpp.  Each spectrum contains 1024 points with an 

approximate center field of 3460 Gauss.  Spectra were collected and averaged between 

2 – 75 scans with a frequency of 9.6 – 9.7 GHz.  Table 3-1 shows a complete list of the 

typical parameters used in CW-EPR experiments. 
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Table 3-1.  Standard CW-EPR parameters used in this dissertation. 

Parameter                                                     Value  

Number of points                                          1024 
Center field                                                   3455 - 3465 G 
Number of scans                                          5-75  
Sweep width                                                 20-125 G 
Acquisition time                                            40.63 sec 
Frequency                                                     9.5 - 9.7 GHz 
Power                                                           0.25mW-20mW (29dB-10dB) 
Receiver gain                                                1x104 – 1x105 
Modulation amplitude                                    ~1 G 
Time constant                                               0.164 sec 
Receiver phase                                            100 – 105 deg 

 
Power saturation experiments 

 Power saturation experiments were collected on the same modified Bruker 

ER200 spectrometer using gas permeable TPX capillary tubes as developed by Hubbell 

et al. [116].  Saturation experiments were collected at 25 °C and 45 ºC for POPC:POPG 

and DPPC:POPG samples, respectively, with a sample volume of 5 μL.  Two samples 

for each experiment were made, one with and one without both 10 mM NiAA or 20 mM 

NiEDDA, and samples were purged for at least 20 minutes with air or nitrogen gas 

before collecting power saturation data.  To ensure the samples were entirely purged 

with the gas, the intensity of the central resonance line was plotted as a function of time 

until no change in intensity was observed.  For each sample this was approximately 20 

minutes.  As mentioned in the previous section, intensity of the central resonance line 

using a 20 Gauss scan width was plotted as a function of microwave power in the range 

of 0.25 mW – 20 mW.  LabVIEW™ software (National Instruments, Austin, TX) 

generously provided by Christian Altenbach and Wayne Hubbell (UCLA, Los Angeles, 

CA) was used for data recording and processing.  Resultant power saturation curves 

were fit using Equation 2-11 and membrane depth was analyzed using Equation 2-12. 



 

57 

Lipid Composition 

 As previously mentioned, studies of surfactant proteins and their analogs are 

commonly done in DPPC:POPG (4:1) and POPC:POPG (3:1) systems [42, 85, 86, 105, 

107, 153].  The latter lipid composition allows for comparison to previous studies of 

cationic, amphipathic helix peptides which share similar characteristics to surfactant 

protein B [150-152].  While this allows for a reference to previously studied lipid/peptide 

systems, it does raise the question of how differences in negatively charged POPG 

content in DPPC:POPG (4:1) and POPC:POPG (3:1) mixtures may lead to changes in 

the interactions of the lipid mixtures with positively charged lysines in KL4.  It has been 

postulated that the negatively charged POPG plays a critical role in SP-B pulmonary 

lipid interaction and DPPC enrichment, and if this is true the positively charged KL4 

peptide should be no exception [153-159].  To better understand if EPR can detect 

differences in interactions of KL4 with POPC:POPG at a 3:1 versus a 4:1 ratio, CW-EPR 

power saturation experiments using both ratios were performed.  

Results & Discussion 

Effect of Negatively Charged Phosphatidylglycerol Lipids 

 The observation that pulmonary surfactant contains elevated levels of negatively 

charged lipids when compared to most other biological systems, PG and PI, suggests 

they play a specific role in surfactant function.  This has been demonstrated in multiple 

studies showing that mixing POPG or DPPG with DPPC enhances adsorption at the 

air/water interface during film formation while allowing for selective squeeze out of PG 

during lipid film compression [154, 156, 159].  In addition, these affects are not 

observed in the absence of SP-B and SP-C and show a much greater effect with SP-B 

compared to SP-C [155].  The ability of KL4 to mimic SP-B functions suggest that it too 
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will be affected by PG content.  The extent of its effect is not presently known so studies 

using lipid systems containing varying amounts of PG, like DPPC:POPG (4:1) and 

POPC:POPG (3:1), have been of recent concern.  In Chapter 3, we use CW-EPR 

mobility and power saturation studies to determine whether or not differences in POPG 

content affect the changes in lipid dynamics observed on addition of KL4. 

 Initial CW-EPR spectra were collected for both 3:1 and 4:1 POPC:POPG spin-

labeled lipids samples at varying concentrations of KL4 to study the effects of binding on 

the lipid environment.  All spectra collected for the two lipid systems, at concentrations 

of KL4 varying from 0 to 3 mol percent, using lipids spin-labeled at 5-, 7-, 12-doxyl 

positions, are shown in Figure 3-2 through 3-7. 

 
 

 

 

 

 

 

 

Figure 3-2.  CW-EPR spectra collected at 45 ºC under nitrogen for 5-doxyl PC 
incorporated in 3:1 POPC:POPG lipid vesicles. 
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Figure 3-3.  CW-EPR spectra collected at 45 ºC under nitrogen for 7-doxyl PC 
incorporated in 3:1 POPC:POPG lipid vesicles. 

 

 

 

 

 

 

 

 

Figure 3-4. CW-EPR spectra collected at 45 ºC under nitrogen for 12-doxyl PC 
incorporated in 3:1 POPC:POPG lipid vesicles. 
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Figure 3-5.  CW-EPR spectra collected at 45 ºC under nitrogen for 5-doxyl PC 

incorporated in 4:1 POPC:POPG lipid vesicles. 

 

 

 

 

 

 

 

 

Figure 3-6.  CW-EPR spectra collected at 45 ºC under nitrogen for 7-doxyl PC 
incorporated in 4:1 POPC:POPG lipid vesicles. 
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Figure 3-7.  CW-EPR spectra collected at 45 ºC under nitrogen for 12-doxyl PC 
incorporated in 4:1 POPC:POPG lipid vesicles. 

To further analyze the spectra, semi-quantitative measurements of ΔHpp and order 

parameter (S) were used to compare the two lipid systems.  These parameters are 

described in Chapter 2 Figure 2-11 and Equation 2-6.  In Figures 3-8 and 3-9 order 

parameters are compared for 3:1 and 4:1 POPC:POPG lipid mixtures containing 5- and 

7-doxyl spin labels with varying KL4 concentrations. 

The order parameter (S) increases upon addition of KL4 at both the 5- and 7-doxyl 

position in both lipid systems.  This is indicative of KL4 interacting with the spin label at 

both positions within the bilayer and decreasing its mobility.  This is expected because it 

is known that KL4 binds to lipid bilayers containing PG [42, 86, 107].  Interestingly the 

rate of increase in order parameter is within error between 3:1 and 4:1 POPC:POPG 

samples, suggesting the small difference in PG content does not alter the results seen 

by CW-EPR at the 5- and 7-positions along the lipid acyl chain.   

As previously stated, order parameters can only be used for more immobilized 

spin labels and cannot be used for spin labels closer to the bilayer interior.  To compare 

spin labels placed further along the acyl chain, ΔHpp was calculated for spectra of lipids 
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spin-labeled at the 5-, 7-, and 12-doxyl positions.  Figures 3-10 through 3-12 compare 

the results at all three positions, in both lipid systems, and at varying KL4 

concentrations. 

 
 

 

 

 

 

 

 
Figure 3-8. Order parameter calculations for 5-doxyl spin-label incorporated into 4:1 

POPC:POPG (grey squares) and 3:1 POPC:POPG (open circles) lipid 
mixtures. 

 

 

 

 

 

 

 

Figure 3-9. Order parameter calculations for 7-doxyl spin-label incorporated into 4:1 
POPC:POPG (grey squares) and 3:1 POPC:POPG (open circles) lipid 
mixtures. 
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Figure 3-10.  ΔHpp calculations for 5-doxyl incorporated into 4:1 POPC:POPG (grey 
squares) and 3:1 POPC:POPG (open circles) lipid mixtures. 

 

 

 

 

 

 

 

 

 

Figure 3-11.  ΔHpp calculations for 7-doxyl incorporated into 4:1 POPC:POPG (grey 
squares) and 3:1 POPC:POPG (open circles) lipid mixtures. 
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Figure 3-12.  ΔHpp calculations for 12-doxyl incorporated into 4:1 POPC:POPG (grey 

squares) and 3:1 POPC:POPG (open circles) lipid mixtures. 
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doxyl spin-label mobility.     
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of zwitterionic and anionic (4:1) will be used in POPC:POPG and DPPC:POPG lipid 

mixtures. 

Power Saturation Optimization 

As stated in Chapter 2, power saturation is a technique which introduces a 

paramagnetic collider, either an aqueous soluble metal-complex or hydrophobic oxygen, 

which interacts with a spin-label by Heisenberg exchange and measures relaxation to 

determine an accessibility parameter of the spin-label with the collider.  Molecular 

oxygen provides a convenient lipophilic paramagnetic collider as it is readily available 

from air and can be purged into the sample of interest with ease.  As for the aqueous 

soluble paramagnetic collider there have been many choices that vary in price, aqueous 

solubility, and lipid solubility.  A few choices commonly seen in power saturation studies 

are nickel (II) acetylacetonate (NiAA), nickel (II) ethylenediamine-N,N’-diacetic acid 

(NiEDDA), and chromium oxylate (CrX) [116].  For the following studies, NiAA and 

NiEDDA will be compared in our lipid systems to determine advantages and 

disadvantages of each for future use in power saturation studies.    

The aqueous solubility of NiEDDA is far greater to that of NiAA, allowing for 

concentrations of over 100 mM versus only 20 mM, respectively.  This allows for greater 

interaction between the collider and a spin-label that is exposed to the aqueous phase, 

resulting in an increased relaxation enhancement detected by power saturation.  

However, if for spin label sites buried within the hydrophobic phase, NiAA may be more 

advantageous because of its higher permeability within lipid bilayers, leading to an 

increased interaction between the collider and the spin-label.  To determine which 

aqueous collider is best for our studies, CW-EPR power saturation data was collected 

on spin labeled lipids samples containing either 10 mM NiAA or 20 mM NiEDDA.  It 



 

66 

should be noted that a higher concentration of NiEDDA was also tested and gave 

similar results to 20 mM NiEDDA.  Figure 3-13 plots the effect of NiEDDA and NiAA on 

power saturation P1/2 values in 4:1 POPC:POPG vesicles as a function of KL4 

concentration and with varying spin-labeled doxyl positions. 

 

 

 

 

 

 

 

Figure 3-13.  Power saturation values (ΔP1/2) for NiEDDA (left) and NiAA (right) as a 
function of KL4 concentration with spin label reporters using 5-doxyl (open 
circles), 7-doxyl (grey squares), and 12-doxyl (black triangles) spin labels. 

The solvent accessibility parameter, ΔP1/2, for NiEDDA and NiAA plotted as a function 

of KL4 show significant differences in accessibility between the two paramagnetic 

agents.  The NiEDDA samples give P1/2 values similar to those of nitrogen, indicating 

very little collision at each doxyl position with NiEDDA.  In addition, the correlation 

between NiEDDA ΔP1/2 values and the doxyl depths do not show the logical trends seen 

with the NiAA.  The ΔP1/2 values should have a clear change with spin label position, or 

5-doxyl > 7-doxyl > 12-doxyl.  This is seen when using NiAA but not NiEDDA.  For this 

reason NiAA was selected for future studies of spin label accessibility to an aqueous 

collider. 
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NiAA Buffer Optimization 

  The best suitable aqueous soluble collider for these studies is NiAA due to its 

favorable permeability into the bilayer allowing for higher rates of collision with all spin-

labels used.  The next issue to be considered is an optimal buffer to be used in power 

saturation studies with NiAA.  Typically KL4 is studied using a buffer consisting of 10 

mM HEPES, 140 mM NaCl, pH 7.4 [42, 86].  This buffer, however, gave erroneous 

results for simple NiAA accessibility studies, and therefore other buffers were 

compared.  Results comparing 10 mM HEPES, 140 mM NaCl, pH 7.4 and 10 mM Bis-

Tris, 140 mM NaCl, pH 6.5 are shown in Table 3-2.  For these studies both 

POPC:POPG and DPPC:POPG vesicles were used with 10 mM NiAA. 

Table 3-2.  Comparison of P1/2 values measured with NiAA at pH 7.4 and pH 6.5 in two 
lipid systems. 

Spin-label 

    POPC:POPG (4:1)     DPPC:POPG (4:1) 

 pH 7.4   pH 6.5   pH 7.4   pH 6.5 

5-Doxyl 19.0 ± 0.4 19.3 ± 0.2 19.4 ± 0.3 19.6 ± 0.3 

7-Doxyl 21.5 ± 0.7 16.8 ± 0.5 22.4 ± 0.5 16.4 ± 0.3 

12-Doxyl 15.2 ± 0.2 11.8 ± 0.2 17.1 ± 0.3 14.5 ± 0.3 

 
To focus specifically on the pH of the samples, each sample was made without KL4 and 

with 150 mM salt to limit variability.  For a buffer to be compatible with NiAA, a trend in 

P1/2 values should match the trend in spin label positions with the ΔP1/2 values for 5-

doxyl > 7-doxyl > 12-doxyl.  This is clearly not the case at pH 7.4 where a trend of 7-

doxyl > 5-doxyl > 12-doxyl is seen.  This trend occurs in both POPC:POPG and 

DPPC:POPG vesicles at pH 7.4, therefore raising the question about whether or not the 
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charged PG head group is interacting in an unusual manner with the nickel complex or if 

the charge state of NiAA is being affected by the pH.  Ultraviolet-visible spectroscopy 

(UV-Vis) studies were performed on samples at varying pH to see if a shift in 

wavelength absorption could be seen indicating the NiAA was undergoing a charge 

state change.  UV-Vis spectroscopy did not indicate any change in absorbance as the 

pH was varied from 5.5 to 8.5.  A future study using transmission electron microscopy 

(TEM) to study changes in the morphology of the lipid vesicles containing NiAA at 

varying pH has been considered and could lead to a better understanding of the 

observed anomalous trend.  Lowering the pH to 6.5, however, alleviated this 

discrepancy in P1/2 values for NiAA measured with spin labels at the 5-, 7-, 12-doxyl 

positions.  Table 3-2 shows the expected trend 5-doxyl > 7-doxyl >12-doxyl for both lipid 

systems at pH 6.5 and is therefore used in all future experiments. 

Temperature Selection 

 When studying peptide partitioning into lipid environments knowing the melting 

temperature of the lipid system is of importance in order to regulate which phase is 

being studied.  This especially is significant when using fully saturated lipids, like DPPC, 

because their high melting temperatures can cause them to be in a gel rather than liquid 

crystalline phase at room temperature.  Careful consideration of experimental 

temperatures and sample preparation protocols should be made when preparing and 

analyzing saturated lipid systems.  The three lipids used in this dissertation, POPC, 

POPG, and DPPC, have melting transition temperatures of -2 °C, -2 °C, and 41 °C, 

respectively.  This results in a melting temperature for our two systems, POPC:POPG 

(4:1) and DPPC:POPG (4:1), of -2 ºC and 37 ºC, respectively [85].  In addition, the large 

discrepancy between DPPC and POPG transition temperatures results in the need for 
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careful sample preparation to prevent phase separation of the lipid.  This can be 

achieved by mixing in organic solvents at higher temperatures, followed by flash 

freezing and sublimation of each sample via lyophilization.  To further complicate the 

issue, addition of KL4 at high concentrations in DPPC:POPG shifts the transition 

temperature from 37 °C to 39 °C, suggesting a possible peptide induced phase 

separation [85].  To account for all these factors, 45 ºC was chosen for our studies as it 

ensures samples are above the melting temperature of all lipids and that any shift in 

transition temperature due to KL4 addition will not affect the results.  In addition, to allow 

easy comparison between POPC:POPG and DPPC:POPG, 45 ºC was used for all 

samples.  This eliminates differences in mobility and solvent accessibility studies due to 

increased motion at higher temperatures.   

Conclusions 

To accurately study a system of interest, several parameters need to be optimized 

to give the most sensitive and reproducible results.  In Chapter 3, the parameters of lipid 

composition, power saturation collider, buffer pH, and temperature were all studied to 

determine the most ideal conditions.  These studies allow for an elimination of PG 

concentration variability, increased accuracy of depth profile measured by power 

saturation, and comparison of EPR-CW spectra between two different lipid systems.  

Future data collected and described in this dissertation will use these determined 

parameters in addition to future work. 



 

70 

CHAPTER 4 
CONTINUOUS WAVE ELECTRON PARAMAGNETIC RESONANCE STUDIES OF 

KL4/LIPID INTERACTIONS  

Introduction 

 Chapter 3 summarized the optimized conditions for CW-EPR experiments which 

will be used in this Chapter and Chapters 4 and 5 describing power saturation results.  

In Chapter 4, results from spin-labeled lipid and KL4 CW-EPR mobility studies will be 

reported and discussed.  Mobility studies provided a means to understanding the local 

environment of the lipid spin-label at varying positions along the acyl chain upon 

addition of KL4.  In addition, changes in mobility around the spin-labeled KL4 helix were 

tracked using eight KL4 variants.  Mobility studies can help to elucidate the orientation of 

KL4 within the lipid bilayer in addition to helping understand differences between DPPC- 

and POPC-rich vesicles.  By studying changes occurring at different positions within KL4 

and along the acyl chain and by comparing this to the power saturation results in the 

Chapter 5, a depth profile of KL4 in DPPC:POPG (4:1) and POPC:POPG (4:1) will be 

determined.    

Materials & Methods 

Materials 

POPC, DPPC, POPG, n-doxyl-PSPC were purchased as chloroform solutions 

from Avanti Polar Lipids (Alabaster, AL) and quantified by phosphate analysis (Bioassay 

Systems, Hayward, CA). Iodoacetamido-PROXYL spin label (IAP) was purchased from 

Sigma and used as received.  Unless otherwise stated, all other reagents were 

purchased from Fisher Scientific (Hampton, NH) and used as received. 

KL4, KLLLLKLLLLKLLLLKLLLLK, was synthesized via solid-phase peptide 

synthesis (ICBR Facility, UF), purified by RP-HPLC, and verified by mass spectrometry 
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(m/z=2469). Peptide was dissolved in methanol and analyzed by amino acid analysis for 

concentration (Molecular Structure Facility, UC Davis).  Cysteine variants of KL4, in 

which individual leucines were replaced by cysteine, were also synthesized via solid-

phase peptide synthesis, purified, and mass verified (m/z=2459).   

Methods 

Spin-labeling of KL4 cysteine mutants 

Cysteine-containing KL4 was dissolved at a concentration of ~0.1 mM in MeOH, 

and the pH was adjusted to >7 with KOH.  A five-fold excess of tris(2-

carboxyethyl)phosphine (TCEP) was added to keep the cysteine reduced.  A solution of 

50 mM IAP spin label in DMSO was added to achieve a 20-fold excess of spin label.  

After 4-5 hours at room temperature, the spin-labeled peptide was purified via HPLC, 

and lyophilized fractions were brought up in MeOH.  The final peptide concentration for 

each spin-labeled sample was determined by either analytical HPLC or amino acid 

analysis (AAA).   

Preparation of lipid/peptide samples 

Lipid mixtures were prepared by mixing appropriate volumes of stock lipid 

chloroform solutions.  For samples containing peptide, the peptide was added as a 

methanol solution to the lipid mixture in chloroform.  Organic solvents were evaporated 

using dry nitrogen; the lipid films were re-suspended in cyclohexane, flash frozen and 

lyophilized.  For each combination of lipids and peptide, two separate samples were 

prepared.  The first was rehydrated with 140 mM NaCl, 10 mM Bis-Tris buffer, pH 6.5, 

and the second was rehydrated with 140 mM NaCl, 10 mM Bis-Tris buffer, pH 6.5, 

containing 10 mM NiAA.  The hydrated dispersions were subjected to 5 freeze-thaw 

cycles to form MLVs and had a final lipid concentration of ~10 mM.   Samples 
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containing spin-labeled lipid had 1 mol% of doxyl-PC added relative to the native lipids 

during the organic solvent mixing step. 

Circular dichroism spectroscopy 

CD spectra were acquired at 45 °C on an Aviv Model 202 spectrometer using 

Hellma CD cuvettes with 1 cm path length, with special thanks to Dr. Steve Hagan in 

the UF Physics department for assistance.  Samples were prepared by hydrating 

lyophilized peptide-lipid powders in 10 mM Bis-Tris buffer, pH 6.5, with 140 mM NaCl, to 

achieve a final concentration of ~50 µM KL4. Samples were extruded through 100 nm 

filters (Avanti Polar Lipids, Alabaster, AL) to form LUVs.  Typical parameters used for 

CD experiments are summarized in Table 4-1.  Background scans of all buffers were 

collected and subtracted from the final averaged spectra. 

Table 4-1.  Standard parameters used for circular dichroism experiments. 

Parameter                                                                 Value 

Experiment type                                                        Wavelength 
Bandwidth                                                                 1 nm 
Temperature                                                              45 °C 
Wavelength range                                                     260 – 190 nm 
Step gradient                                                             1.0 nm 
Averaging time                                                           3.0 sec 
Settling time                                                               1.0 sec 
Multi-scan wait                                                           1.0 sec 
Scans                                                                         5 – 10 

 
CW-EPR spectroscopy  

CW-EPR spectra were collected on a modified Bruker ER200 spectrometer 

(Billerica, MA) with an ER023M signal channel, an ER032M field control unit, and a loop 

gap resonator (Medical Advances, Milwaukee, WI).  Spectra of samples containing 

either spin-labeled lipid or spin-labeled KL4 were recorded at 45 °C using a 2 mW power 
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level.  The temperature was regulated by passing nitrogen gas through a copper coil in 

a recirculating bath (Thermo Scientific) containing 40% ethylene glycol. 

Samples were stored in a -20 °C freezer and allowed to thaw before use on the 

EPR.  Lipid samples were then heated to above their melting temperatures and placed 

in the loop gap resonator within a preheated quartz Dewar and allowed to equilibrate at 

least 20 minutes prior to sample collection.  CW EPR spectra were collected with one 

Gauss modulation amplitude and 100 or 125 Gauss sweep widths, the latter used for 

spin-labeled peptide.  Additional spectra were collected at 20 Gauss sweep widths for 

more accurate determination of ΔHpp.  Each spectrum contained 1024 points with an 

approximate center field of 3460 Gauss.  Spectra were collected and averaged for 2 – 

75 scans at a frequency of 9.6 – 9.7 GHz.  Table 3-1 shows a complete list of the typical 

parameters used in CW-EPR. 

Results & Discussion 

Introduction 

 As discussed in Chapter 1, the orientation and function of SP-B and its analogs 

in lipid environments is not well understood.  In particular, several studies have yielded 

conflicting results as to how KL4 is oriented in a lipid bilayer and how it interacts with 

specific lipids.  It is well known that KL4 adopts a helix upon membrane binding as 

shown through previous FTIR and CD studies, in addition to CD studies presented in 

Chapter 4 [42, 95, 105].  The orientation of the helix, however, is believed to either span 

the bilayer in a transmembrane orientation [107], or lie in the plane of the bilayer [42, 

86, 107].  Our CW-EPR mobility studies will help to elucidate the true orientation and 

relative depth within the two lipid systems, 4:1 DPPC:POPG and 4:1 POPC:POPG, by 

studying changes in dynamics for both spin labeled lipids and peptides.  In addition, 
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Chapter 5 will use CW power saturation EPR to correlate collision data with the mobility 

data presented in Chapter 4. 

KL4 Effects on Lipid Dynamics 

The first study of CW-EPR mobility was to example the changes in spin label 

mobility occurring at the 5-, 7-, and 12-doxyl labeled lipid acyl chains upon adding 

increasing amounts of KL4 into the two lipid systems of interest.  Using the semi-

quantitative parameters discussed in Chapter 2 an understanding of the local 

environment around each doxyl lipid in both lipid systems can be developed.  Figure 4-1 

through 4-6 displays the CW-EPR spectra at all eight KL4 concentrations, for all three 

doxyl positions and in both lipid systems.  These spectra along with 20 Gauss spectra 

were used to determine semi-quantitative parameters of spin-labeled lipid mobility in 

Chapter 4. 

 

 

 

 

 

 

 

 

 

Figure 4-1.  CW-EPR spectra collected at 45 ºC under nitrogen for 5-doxyl PC 
incorporated in 4:1 POPC:POPG lipid vesicles with varying amounts of KL4. 
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Figure 4-2.  CW-EPR spectra collected at 45 ºC under nitrogen for 7-doxyl PC 
incorporated in 4:1 POPC:POPG lipid vesicles with varying amounts of KL4.   

 

 

 

 

 

 

 

 

 

 

Figure 4-3.  CW-EPR spectra collected at 45 ºC under nitrogen for 12-doxyl PC 
incorporated in 4:1 POPC:POPG lipid vesicles with varying amounts of KL4. 
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Figure 4-4.  CW-EPR spectra collected at 45 ºC under nitrogen for 5-doxyl PC 
incorporated in 4:1 DPPC:POPG lipid vesicles with varying amounts of KL4. 

 

 

 

 

 

 

 

 

 

 

Figure 4-5.  CW-EPR spectra collected at 45 ºC under nitrogen for 7-doxyl PC 
incorporated in 4:1 DPPC:POPG lipid vesicles with varying amounts of KL4. 
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Figure 4-6.  CW-EPR spectra collected at 45 ºC under nitrogen for 12-doxyl PC 
incorporated in 4:1 DPPC:POPG lipid vesicles with varying amounts of KL4.   

Looking qualitatively at the spectra in Figures 4-1 through 4-6, mobility increases 

as the position of the spin-label increases (from 5-doxyl to 12-doxyl).  This is due to the 

increased fluidity in the bilayer interior when compared to the membrane interface.  

Qualitative comparison of spectra between the two lipid systems and between spectra 

of lipids containing varying amounts of KL4 is difficult, therefore a series of semi-

quantitative parameters were determined. 

Mobility Parameters 

 As previously stated, there are several parameters which can be used to 

describe and quantitate changes in CW-EPR spectra.  The first parameter commonly 

measured is ΔHpp, which is determined as described in Chapter 2.  Figures 4-7 through 

4-9 compare ΔHpp values for spin-labeled lipids between the two lipid systems at 

varying concentrations of KL4 and at varying spin label depths within the bilayer. 
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Figure 4-7. ΔHpp plotted as a function of KL4 concentration for 5-doxyl PC incorporated 
in 4:1 DPPC:POPG (black triangles) and 4:1 POPC:POPG (grey squares) 
lipid vesicles. 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. ΔHpp plotted as a function of KL4 concentration for 7-doxyl PC incorporated 
in 4:1 DPPC:POPG (black triangles) and 4:1 POPC:POPG (grey squares) 
lipid vesicles. 
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Figure 4-9. ΔHpp plotted as a function of KL4 concentration for 12-doxyl PC incorporated 
in 4:1 DPPC:POPG (black triangles) and 4:1 POPC:POPG (grey squares) 
lipid vesicles. 

Figures 4-7 and 4-8 show that as KL4 concentration is increased, mobility is decreased 

at about the same rate for 5- and 7-doxyl labeled lipids in both lipid systems.  This 

indicates that KL4 is interacting with the spin label at these positions along the acyl 

chain upon membrane binding and doing so in similar manner between the two lipid 

systems.  There is a deviation, however, between the ΔHpp trends for DPPC:POPG and 

POPC:POPG samples containing 12-doxyl labeled PSPC (Figure 4-9).  For DPPC-rich 

vesicles there is an increase in ΔHpp, indicating an interaction between KL4 and the 12 

position along the acyl chain is restricting the spin label’s mobility.  This interaction is 

not seen in 4:1 POPC:POPG MLVs, suggesting the peptide is not interacting as deeply 

in the bilayer as seen with 4:1 DPPC:POPG.  To further illustrate the difference between 

the two systems, a percentage change in ΔHpp is plotted as a function of KL4 

concentration and shown in Figures 4-10 through 4-12. 
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Figure 4-10.  The mobility parameter ΔHpp graphed as a percent change to illustrate 
differences for 5-doxyl PC incorporated in 4:1 DPPC:POPG (black triangles) 
and 4:1 POPC:POPG (grey squares) lipid vesicles. 

 

 

 

 

 

 

 

 

 

 

Figure 4-11.  The mobility parameter ΔHpp graphed as a percent change to illustrate 
differences for 7-doxyl PC incorporated in 4:1 DPPC:POPG (black triangles) 
and 4:1 POPC:POPG (grey squares) lipid vesicles. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

5

10

15


C

h
a
n
g
e
 

H
p

p

mol % KL4

5-Doxyl 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

5

10

15


C

h
a
n
g
e
 

H
p

p

mol % KL4

7-Doxyl 



 

81 

 

 

 

 

 

 

 

 

 

 

Figure 4-12.  The mobility parameter ΔHpp graphed as a percent change to illustrate 
differences for 12-doxyl PC incorporated in 4:1 DPPC:POPG (black triangles) 
and 4:1 POPC:POPG (grey squares) lipid vesicles. 
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Chapter 2.  To calculate the order parameter, the axial hyperfine anisotropy must be 
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isotropic 12-doxyl labeled lipids.  Figure 4-13 shows the calculated order parameters for 

both 5- and 7-doxyl labeled lipids in both lipid systems as a function of peptide 

concentration.    
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Figure 4-13.  Order parameters for 5- & 7-doxyl PC incorporated in 4:1 DPPC:POPG 
(black) and 4:1 POPC:POPG (blue) lipid vesicles as a function of KL4 
concentration. 

As previously seen with ΔHpp measurements, the order parameters for 5- and 7-doxyl in 

both lipid systems increase with peptide concentration, indicating KL4 is interacting with 

the spin labels at these depths.  For both DPPC and POPC-rich vesicles, the increase 

in S is similar upon KL4 addition.  For both semi-quantitative parameters ΔHpp and S, 

there is a similar trend of decreased mobility at the 5- and 7-doxyl positions in both lipid 

systems upon KL4 binding.  The fact that a difference was seen at the 12-position 

between the two systems and the inability to use S as a measure of mobility for 12-

doxyl labeled lipid spectra, indicates another parameter needs to be studied to see if 

indeed there are differences at the 12-doxyl position. 

The final mobility parameter looked at is the ratio between the intensity of the first 

derivative central line with that of the low field line.  A detailed description of this 

parameter is given in Chapter 2 and the results are shown in Figure 4-14.  A more 

substantial increase in h(0)/h(1) is seen in DPPC-rich vesicles when compared to 

POPC-rich vesicles.  To further illustrate this difference, the percent change in h(0)/h(1) 
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was also graphed as a function of KL4 concentration.  This data correlates well with the 

trends for ΔHpp in Figures 4-7 through 4-9, which suggest KL4 penetrating further into 

DPPC-rich vesicles and interacting with the 12-position of the lipid acyl chain. 

 
 

 

 

 

 

Figure 4-14.  This graph shows the ratio of the central resonance line (h0) and the low 
field line (h1) for 4:1 DPPC:POPG (black triangles) and 4:1 POPC:POPG 
(grey squares).  The left graph shows the raw data and the right as a 
percentage change to illustrate the discrepancy betweeen DPPC:POPG and 
POPC:POPG.   

Lipid Mobility Conclusions 

 Studying changes in mobility along the lipid acyl chain gives an understanding of 

how KL4 is affecting different regions in the bilayer.  The results from ΔHpp, S, and 

h(0)/h(1) suggest KL4 displays similar effects on regions closer to the membrane 

interface in the two lipid systems as reported by 5- and 7-doxyl labeled lipids.  However, 

it appears that KL4 is interacting further in the bilayer at the 12-doxyl position in 4:1 

DPPC:POPG lipids in contrast to 4:1 POPC:POPG lipids.  In addition, the lack of an 

easily detected interaction deep within the bilayer in 4:1 POPC:POPG lipids suggests a 

transmembrane orientation of KL4 in this environment is unlikely.  These results 

correlate well with some recently published NMR data [42, 86, 107], specifically 2H NMR 
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data which looked at the dynamics of four deuterated leucine positions (3, 10, 12, and 

19) [86].  The positions were chosen because two leucines (Leu3 and Leu19) were at 

the terminal ends while two leucines being in the center of the peptide (Leu10 and 

Leu12).  For a transmembrane orientation, similarities in dynamics between Leu3 and 

Leu19 would be expected as would similarities between Leu10 and Leu12 because they 

would lie in the center of the bilayer.  The 2H NMR showed that Leu3 and Leu12 

exhibited similar dynamics while Leu10 and Leu19 shared similar dynamics.  In 

addition, Leu10 and Leu12 had dynamics that were significantly different which makes a 

transmembrane orientation highly unlikely.  Additionally, further analysis of the leucine 

side chain dynamics suggested helix-helix packing due to aggregation was unlikely and 

the differences in dynamics seen are from a helix lying in the plane of the bilayer.  The 

next section will look at changes in the dynamics of KL4 via EPR to see if correlations 

can be made with lipid dynamics EPR data and the previously published NMR studies.   

KL4 Dynamics 

 To properly study membrane bound proteins, analysis of both lipid and protein 

dynamics are needed.  In the previous section, mobility studies were performed to 

understand changes in dynamics occurring along the lipid acyl chain upon adding 

increasing amounts of KL4.  In this section the spin-label will be attached to the peptide 

via site-directed spin-labeling, as described in Chapter 2, and the peptide concentration 

will be held constant at 2 mole percent.  Eight spin-label positions were chosen (C7-C10 

and C12-C15) which allow for the study of two complete turns around the KL4 helix.  

Helical wheel representations of KL4 as an α-helix and as calculated by 13C ssNMR 

peptide torsion angle studies by Dr. Long et al. in POPC:POPG and DPPC:POPG 

vesicles are shown in Figure 4-15 [42, 86, 107]. 
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Figure 4-15.  The helical wheel representations of KL4 as a typical α–helix (A), in 

POPC:POPG vesicles (B), and DPPC:POPG (C) as predicted by NMR 
studies.  Orange amino acids represent positions which were individually 
spin-labeled and blue amino acids represent positively charged lysines.  
Lysine at position 1 was left off of the NMR wheels due to its high flexibility.  
Arrows indicate the net hydrophobic moments resulting from the charged 
lysine side chains on the helix surface.    

Addition of a spin-label to a peptide opens the possibility that the overall structure 

has been perturbed.  A common way to study if a change has occurred in the overall 

structure is using circular dichroism (CD) as previously described in Chapter 2.  Figure 

4-16 shows CD for all eight spin-labeled sites (C7-C10 & C12-C15) in both lipid systems 

in addition to native KL4 and KL4 in TFE and MeOH.  No change in secondary structure 

from native KL4 is seen upon addition of IAP spin label to any of the eight sites used. 

To compare differences in mobility at the different peptide positions on partitioning 

into the two lipid systems, CW-EPR spectra were collected and analyzed.  These 

spectra are shown in Figure 4-17 and were collected at 45 ºC with a 125 Gauss scan 

width.  Each parameter measured is discussed in Chapter 2.  To analyze each KL4-IAP 

spectrum, ΔHpp was calculated in the same manner as the previous section.  Each 

spectrum was collected using 2 mol percent KL4 and ΔHpp was plotted as a function of 

spin-label position.  Analysis of ΔHpp is shown in Figure 4-18 along with the projected 
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helical wheels from KL4 NMR data [42] for the peptide partitioning into POPC:POPG 

and DPPC:POPG lipid vesicles as shown in Figure 4-15. 

 

 

 

 

 

 

 

Figure 4-16.  CD spectra for KL4 in TFE (----) and KL4 in MeOH (____) used as 
reference spectra.  Overlaid spectra of C7-C10 & C12-C15 spin-labeled KL4-
IAP sites and native KL4 in POPC:POPG and DPPC:POPG (grayscale).   

 

 

 

 

 

 

 

 

 

 
 

Figure 4-17.  Spectra for all eight spin-labeled peptides incorporated in 4:1 
POPC:POPG (blue) and 4:1 DPPC:POPG (black) lipid vesicles with 125 
Gauss scan widths and 45 ºC are shown.   
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Figure 4-18.  ΔHpp measurements (center) for KL4-IAP individually spin-labeled at 

positions C7-C10 and C12-C15 and incorporated into 4:1 POPC:POPG (grey 
squares) and 4:1 DPPC:POPG (black triangles) lipid vesicles.  Helical wheel 
representations for KL4’s predicted structure in POPC:POPG (left) and 
DPPC:POPG (right) lipid vesicles are shown for positioning reference NMR 
[42]. 

Studying the mobility of a spin-label by ΔHpp, allows for an understanding of the 

local environment at the spin-labeled position.  Depending on the orientation of KL4 in 

the bilayer, a characteristic pattern of mobility (ΔHpp) would be expected.  For example, 

if KL4 were to span the bilayer in a transmembrane orientation, the N- and C-termini 

would be expected to have decreased mobility due to their position in the less mobile 

interface region of the lipid bilayer.  On the other hand, if KL4 were to lie in the plane of 

the bilayer an expected mobility pattern would repeat every four amino acids as one 

proceeds around the helix.  This means that one side of the helix would be in a region of 

high fluidity (bilayer interior), while the opposite side has restricted mobility due to it 

being at the lipid interface.  By choosing two groups of four consecutive amino acids, 

two full turns around the peptide helix are being studied, as shown in Figure 4-18.  The 

first four sites chosen, C7-C10, were used as they not only make a complete turn 

around the helix, but they also predicted to lie on opposite sides of KL4 based on NMR 
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studies [42, 86], giving the largest possible discrepancy in mobility between each site 

(see Figure 4-18 helical wheels).  In both POPC and DPPC-rich vesicles, position 7 sits 

closest to the lipid head group while position 9 is deepest in the bilayer interior.  In 

addition, positions 8 and 10 lie at similar depths about half way between positions 7 and 

9.  This predicted trend is precisely mirrored by the measured mobility parameter ΔHpp.  

In both POPC and DPPC vesicles the most restricted mobility is seen at position 7 and 

increases going to position 8 then 9 and finally decreasing slightly at position 10.  The 

overall mobility pattern for this region of KL4 gives us a trend in which ΔHpp for IAP at C-

7 > C-8 ≈ C-10 > C-9.  Consistent with a helix lying in the plane of the bilayer the EPR 

data correlate well with the proposed helical model in Figure 4-18 and rules out the 

possibility of KL4 spanning the bilayer.  The values measured in POPC- and DPPC-rich 

environments show similar trends in this region with a DPPC-rich environment yielding 

ΔHpp values indicating slightly more restricted spin-label mobility.  This is to be expected 

since DPPC, being fully saturated, can more tightly pack allowing for a greater effect on 

peptide spin-label mobility. 

 The next set of spin-labels monitored were at positions C12-C15, which are the 

next set of leucines after the lysine following the first set of labels and they also make a 

full turn around the helix (Figure 4-18).  For this set of spin-labels the discrepancy 

predicted between where the positions lie in the bilayer is not as great as with the first 

set, giving similar depth positions for 12 and 15, which are closest to the bilayer 

interface, and 13 and 14 being similar but deeper in the bilayer.  For both POPC and 

DPPC-rich environments the measured ΔHpp values do not coincide as nicely with the 

helical wheel predictions as positions C7-C10.  For DPPC vesicles (Figure 4-18 black 
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squares) positions C12, 13, and 15 give ΔHpp values similar to expected from the helical 

wheel diagram, in which 12 and 15 are similar and 13 is more mobile.  However, C14 

gives a higher ΔHpp value than any of the other seven positions.  This is not to be 

expected for a helix in the plane of the bilayer with a helix pitch similar to those given in 

Figure 4-18.  This intriguing result is also seen in the POPC-rich environment as well in 

which C14 gives a ΔHpp similar to that of C7, which is close to the bilayer interface.  To 

better understand if these findings are due to sample preparation, power saturation 

studies were performed to see if similar results could be seen in solvent accessibility.  

Chapter 5 will go into the details of the power saturation results, but all indications 

suggest that these ΔHpp mobility results are indeed real and may be caused by some 

perturbation of KL4 around the C14 positions.  Two possibilities have been postulated 

as to the origin of these unexpected values; either KL4 is slightly tilted in its orientation 

in the bilayer so as to not lie entirely parallel, to the bilayer planes of KL4 could have a 

kink in its structure which might affect the relative mobility at specific spin-labeled 

positions.  Chapter 5 will look at the relative partitioning depth in the bilayer for each 

spin-labeled position to add further insight into this issue.  In addition, power saturation 

will address the possibility that KL4 is affecting the bilayer by either thickening or 

thinning the bilayer. 

Conclusions 

 The CW-EPR mobility studies in this work are consistent with a model in which 

KL4 lies in the plane of the lipid bilayer in both 4:1 POPC:POPG and 4:1 DPPC:POPG 

lipid environments.  Spin-labeled KL4 mobility studies indicate a pattern consistent with 

a helix in the plane of the bilayer and rule out the possibility of KL4 spanning the bilayer 

in a transmembrane orientation.  Spin-labeled lipid studies indicate that KL4 is 
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partitioning more deeply into DPPC:POPG vesicles compared to POPC:POPG vesicles.  

This is seen in differences in lipid mobility occurring at the 12 position on the lipid acyl 

chain upon addition of KL4.  This important difference may play a vital role in lipid 

trafficking and DPPC enrichment at the air-fluid interface of the alveoli. 



 

91 

CHAPTER 5 
POWER SATURATION STUDIES ON KL4  

Introduction 

Chapter 4 summarized the mobility experiments performed to understand the local 

environment around spin-labels attached to specific lipid and peptide positions.  Several 

relative mobility parameters were measured to give an understanding of how KL4 is 

oriented in the bilayer and how it partitions differently into 4:1 DPPC:POPG and 4:1 

POPC:POPG environments.  It was determined that KL4 does not span the bilayer in a 

transmembrane orientation, but actually lies in the plane of the bilayer.  As shown with 

previous NMR studies [42, 86], EPR mobility suggests that KL4 partitions further into 

DPPC-rich bilayers allowing for a possible mechanism of action in preferentially 

affecting DPPC dynamics.  In Chapter 5, power saturation CW-EPR will be employed to 

give an understanding of the relative depth of KL4 in the two lipid systems by looking at 

the solvent accessibility of spin labels attached at specific lipid and peptide positions.  

The combination of CW-EPR mobility studies and power saturation experiments gives a 

better understanding of KL4 interacts these two lipid systems and allows for the 

development of a proposed KL4 binding model.    

Materials & Methods 

Materials 

POPC, DPPC, POPG, n-doxyl-PSPC were purchased as chloroform solutions 

from Avanti Polar Lipids (Alabaster, AL) and quantified by phosphate analysis (Bioassay 

Systems, Hayward, CA). Iodoacetamido-PROXYL spin label (IAP) was purchased from 

Sigma and used as received.  Unless otherwise stated, all other reagents were 

purchased from Fisher Scientific (Hampton, NH) and used as received. 
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KL4, KLLLLKLLLLKLLLLKLLLLK, was synthesized via solid-phase peptide 

synthesis (ICBR Facility, UF), purified by RP-HPLC, and verified by mass spectrometry 

(m/z=2469). Peptide was dissolved in methanol and analyzed by amino acid analysis for 

concentration (Molecular Structure Facility, UC Davis).  Cysteine variants of KL4, in 

which individual leucines were replaced by cysteine were also synthesized via solid-

phase peptide synthesis, purified and mass verified (m/z=2459).   

Methods 

Spin-labeling of KL4 cysteine mutants 

 Spin-labeling of KL4 was carried out as described in Chapter 4.  The final peptide 

concentration for each spin-labeled sample was determined by either analytical HPLC 

or amino acid analysis (AAA).   

Preparation of lipid/peptide samples 

Power saturation samples were prepared as described in Chapter 4.  For power 

saturation analysis, each sample was made as described previously but in duplicate to 

allow for one of the samples to contain a final concentration of 10 mM NiAA.  One 

sample contained 140 mM NaCl, 10 mM Bis-Tris buffer, pH 6.5, and the second was 

rehydrated with 140 mM NaCl, 10 mM Bis-Tris buffer, pH 6.5, containing 10 mM NiAA.  

This allows for the study of all three power saturation experiments; with nitrogen, 

oxygen, or NiAA.  The hydrated dispersions were subjected to 5 freeze-thaw cycles to 

form MLVs and had a final lipid concentration of ~10 mM.   Samples containing spin-

labeled lipid had 1 mol% of doxyl-PC added relative to the native lipids and spin-labeled 

peptide samples contained a constant 2 mole percent of KL4-IAP for each experiment. 
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CW-EPR spectroscopy  

 Continuous wave EPR experiments were collected as described in Chapter 3.  

For power saturation curves a microwave power range of 0.25 mW to 25 mW was used 

to measure peak-to-peak intensities for each sample.  Samples were purged and 

temperature was equilibrated by passing either air or nitrogen gas through a copper coil 

in a recirculating bath (Thermo Scientific) containing 40% ethylene glycol for 20-30 

minutes prior to measurements.  Initial spectra of 100 – 125 Gauss sweep width were 

collected to ensure samples were correctly prepared.  Power saturation spectra were 

collected at 20 Gauss sweep widths centered on the central resonance line to more 

accurately determine the intensity of the peak.    

Power saturation experiments 

 Power saturation experiments were collected on the same modified Bruker 

ER200 spectrometer using gas permeable TPX capillary tubes as developed by Hubbell 

et al. [116].  Saturation experiments were collected at 45 ºC for both POPC:POPG and 

DPPC:POPG containing samples using a sample volume of 5 μL.  Two samples for 

each experiment were made, with or without 10 mM NiAA and purged for at least 20 

minutes with air or nitrogen gas.  To ensure the samples were entirely purged with the 

gas, the intensity of the central resonance line was plotted as a function of time until no 

change in intensity was observed.  For each sample this was approximately 20 minutes.  

As mentioned in the previous section, intensities of the central resonance line at 20 

Gauss scan widths, were plotted as a function of microwave power in the range of 0.25 

mW – 25 mW.  LabVIEW software (National Instruments, Austin, TX) was used for data 

recording and generously provided by Christian Altenbach and Wayne Hubbell (UCLA, 
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Los Angeles, CA).  Resultant curves were fit using Equation 2-11 and analyzed using 

Equation 2-12. 

Results & Discussion 

Introduction 

 Power saturation is a technique developed by Hubbell et al. and is used to 

develop a depth parameter of the system of interest by studying the solvent accessibility 

of a spin-label with its local environment.  The procedure is described in detail in 

Chapter 2 and will be used here to better understand the partitioning of KL4 in both 4:1 

DPPC:POPG and 4:1 POPC:POPG.  The indications from previous experiments [42, 

86] and the mobility studies in Chapter 4 which suggest that KL4 partitions differently in 

DPPC bilayers, indicates that developing a depth profile for KL4, using power saturation 

in these two systems will greatly advance our understanding of the partitioning.  In 

addition, power saturation can aid in the understanding of the mobility studies by 

differentiating between a decrease in mobility of the spin-label due to interaction with 

KL4 or change due to a change in the bilayer thickness.  The following sections will 

discuss the results from the spin-label lipid and spin-label peptide power saturation 

studies and compare them to results from Chapter 4 and work of other groups/studies.  

Effect of KL4 on Acyl Chain Accessibility 

 As previously discussed in Chapter 4, CW-EPR mobility studies indicate KL4 is 

partitioning deeper in DPPC and interacting with the 12 position on the lipids acyl chain.  

This interaction was not seen in POPC vesicles, as only a change in mobility was 

noticed at both the 5- and 7-doxyl positions.  Power saturation will show if these mobility 

changes also correspond to changes in solvent accessibility of the spin-label lipid, albeit 

aqueous NiAA or hydrophobic oxygen.  To determine this, samples were prepared as 
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mentioned in Chapter 5 methods section with varying amounts of KL4.  The accessibility 

parameter ΔP1/2 is plotted as a function of KL4 concentration for oxygen and NiAA and is 

shown in Figures 5-1 and 5-2.  An in-depth description of all power saturation 

parameters are given in Chapter 2.  

 
 

 

 

 

 

 

Figure 5-1.  Power saturation accessibility parameter ΔP1/2 (oxygen) plotted as a 
function of KL4 mole percent.  Samples contain either 5-doxyl (left), 7-doxyl 
(center), or 12-doxyl (right) in 4:1 DPPC:POPG (black triangles) and 4:1 
POPC:POPG (grey squares). 

 

 

 

 

 

 

 
Figure 5-2.  Power saturation accessibility parameter ΔP1/2 (NiAA) plotted as a function 

of KL4 mole percent.  Samples contain either 5-doxyl (left), 7-doxyl (center), or 
12-doxyl (right) in 4:1 DPPC:POPG (black triangles) and 4:1 POPC:POPG 
(grey squares). 

The accessibility parameter ΔP1/2 is a measure of the spin-labels interaction via 

Heisenberg exchange with the paramagnetic collider, either oxygen or NiAA, and 
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therefore is a measure of the accessibility of the spin-label and that collider.  Figure 5-1 

shows the ΔP1/2 for oxygen at the 5-, 7-, and 12-doxyl positions in both lipid systems.  

The ΔP1/2 values increase as the spin-label is moved further down the acyl chain 

(moving from left to right in Figure 5-1) which is due to oxygen being lipophilic, 

therefore, having a higher concentration and an increase probability of collision with the 

doxyl spin-label.  The opposite is seen in Figure 5-2 in which NiAA is most concentrated 

in the aqueous phase, therefore, giving the highest ΔP1/2 value at the 5-doxyl position.  

Looking at differences in trends upon KL4 addition at each position between the two lipid 

systems gives an understanding of changes in the local environment of the spin-label.  

Figure 5-1 (left) shows a similar decrease in oxygen accessibility between the two lipid 

systems suggesting both a displacement of oxygen at the 5-doxyl position because of 

KL4 binding and a decrease of spin-label and oxygen collisions due to the reduced 

mobility of the spin-label.  The same trend is seen at the 7-doxyl position, Figure 5-1 

(center), which correlates well with the previous mobility studies which found similar 

interactions of KL4 with both lipid systems at these positions.  Deviation once again, 

occurs at the 12-doxyl position which shows very little change in oxygen accessibility for 

4:1 POPC:POPG and a substantial decrease for 4:1 DPPC:POPG.  As with the mobility 

data, ΔP1/2 values for oxygen suggest KL4 penetrating further and interacting at the 12-

doxyl position in DPPC-rich vesicles but not in POPC-rich vesicles. 

 The aqueous soluble NiAA accessibility data, ΔP1/2 (NiAA), is shown in Figure 5-2 

and is plotted in the same manner as Figure 5-1.  At the 5-doxyl position there is a 

decrease in NiAA accessibility upon KL4 binding suggesting the interaction of KL4 at that 

spin-label position.  The trend is similar between the two lipid systems, however, there 
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is a deviation at the higher KL4 concentrations in which the accessibility of NiAA in 

POPC-rich vesicles increases slightly whereas DPPC-rich it continues to decrease.  

This may be caused by KL4 interacting closer to the bilayer interface in POPC when 

compared to DPPC and altering the partitioning of NiAA around the lipid head groups in 

such a manner as to increase the collisions of NiAA and the 5-doxyl spin-label.  This 

deviation, however, is not seen at the 7-doxyl position and the expected similar 

decrease in ΔP1/2 between the two systems is seen.  The ΔP1/2 (NiAA) at the 12-doxyl 

position again shows the biggest deviation between the two systems.  Like all the 

previous data has suggested, KL4 interacts further in the bilayer of DPPC vesicles, 

decreasing the accessibility of 12-doxyl with NiAA. 

 To better illustrate these trends Figure 5-1 and Figure 5-2 are plotted as a 

percent change in ΔP1/2 and shown in Figure 5-3 and Figure 5-4.  Obvious deviations 

between the 4:1 POPC:POPG and the 4:1 DPPC:POPG data can be seen at the 12-

doxyl position in these graphs. 

 

 

 

 

 

 

 
Figure 5-3.  Percent change in the accessibility parameter ΔP1/2 (oxygen) plotted as a 

function of KL4 mole percent.  Samples contain either 5-doxyl (left), 7-doxyl 
(center), or 12-doxyl (right) in 4:1 DPPC:POPG (black triangles) and 4:1 
POPC:POPG (grey squares). 
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Figure 5-4.  Percent change in the accessibility parameter ΔP1/2 (NiAA) plotted as a 
function of KL4 mole percent.  Samples contain either 5-doxyl (left), 7-doxyl 
(center), or 12-doxyl (right) in 4:1 DPPC:POPG (black triangles) and 4:1 
POPC:POPG (grey squares). 

Effect of KL4 on Spin-label Depth 

Power saturation accessibility parameter ΔP1/2 is a good way of looking at changes 

occurring with a specific paramagnetic collider and a spin-label; however, looking at the 

ratio of the ΔP1/2 for hydrophilic and lipophilic colliders can give a good understanding of 

the depth of the spin-label.  One issue when looking at the changes in mobility and 

accessibility is if the peptide is interacting at that spin-label position or if the dynamics of 

the lipid system have changed, such as a thickening or thinning of the bilayer, which 

may affect the results.  By using the depth parameter Φ, which is discussed extensively 

in Chapter 2, a depth profile of the doxyl spin-label can be graphed as a function of KL4 

binding.  If the accessibility parameter ΔP1/2 is changing because KL4 is displacing 

solvent from around the spin-label, as stated previously, the ratio between the two ΔP1/2 

values should remain constant.  On the other hand, a change in this ratio (defined as Φ) 

may indicate that the depth of the doxyl spin-label is changing, therefore, a thickening or 

thinning of the bilayer may be occurring.  Figure 5-5 plots Φ as a function of KL4 

concentration for both lipid systems and at three doxyl positions.         
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Figure 5-5.  Depth parameter Φ plotted as a function of KL4 concentration at 5-doxyl 
(left), 7-doxyl (center), and 12-doxyl (right) positions in both 4:1 DPPC:POPG 
(black triangles) and 4:1 POPC:POPG (grey squares). 

From Figure 5-5, the depth parameter Φ increases as the spin-label increases its depth 

within the bilayer.  For the 5 position on the lipid acyl chain Φ is negative because the 

ration of ΔP1/2 (oxygen) / ΔP1/2 (NiAA) is less than one and the natural log of this will 

give a negative value.  As the ΔP1/2 (Oxygen) increases so does the Φ value which can 

be seen moving from 5-doxyl to 12-doxyl.  Observing the 5-doxyl graph in Figure 5-5 

demonstrates that the Φ values do not change upon KL4 addition in both lipid systems, 

indicating that the relative depth of the 5-doxyl spin-label does not change as KL4 binds.  

The 7-doxyl data suggests the same with a slight deviation in the 4:1 POPC:POPG 

vesicles in which Φ decreases at higher KL4 concentrations.  This may be due to a 

slight perturbation in the lipid bilayer but it seems minor as illustrated by Figure 5-6 in 

which the percent change in Φ is around two.  Finally at the 12-doxyl position the trend 

in Φ upon KL4 binding remains constant within error of the Φ value with no peptide.  

Once again showing that the doxyl positions remain at the same relative depth upon 

KL4 binding, therefore, suggesting that the bilayer is neither thickening nor thinning and 

that the trends seen in mobility and accessibility are due to KL4 interacting directly with 
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the spin-label.  To further illustrate the lack of change in Φ, a percentage change was 

plotted in Figure 5-6.  Overall any change seen in Φ is within 2 percent of the Φ value 

with no KL4 suggesting any perturbation in the depth of the doxyl spin-label is minimal. 

 

 

 

 

 

 

 

Figure 5-6.  Percentage change in depth parameter Φ plotted as a function of KL4 
concentration at 5-doxyl (left), 7-doxyl (center), and 12-doxyl (right) positions 
in both 4:1 DPPC:POPG (black triangles) and 4:1 POPC:POPG (grey 
squares).   

Insertion Depth of KL4 

 The determination of the relative depths of each doxyl spin-label (Φ values from 

previous section) allows for a “ruler” with which to compare spin-label KL4 to.  This will 

give a relative depth corresponding to the doxyl spin-labels in the two lipid systems, 

therefore giving a model of KL4 penetration depth between POPC- and DPPC-rich 

vesicles.  Power saturation data for all eight KL4-IAP variants were collected at 2 mol % 

KL4-IAP and Φ values were calculated as described in Chapter 2.  A plot of Φ as a 

function of spin-label position is shown in Figure 5-7.  For comparison, spin-label lipid Φ 

values are marked with a line for each doxyl position using the same concentration of 

KL4 (2 mol percent).     
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Figure 5-7.  Depth parameter Φ for KL4-IAP plotted as a function of spin-label position 
for 4:1 DPPC:POPG (left) and 4:1 POPC:POPG (right).  Spin-labeled lipid Φ 
values are given for the 5-, 7-, and 12-doxyl and shown in green lines.  These 
are used as a ruler to determine the relative depth of KL4 in each bilayer. 

 
As previously stated, the first four spin-labels (C7-C10) make a full turn around the 

peptide’s helix (Figure 4-18) and their results should be compared to one another.  

Figure 5-7 shows that in both DPPC- and POPC-rich systems, moving from C7 to C9 

there is an increase in Φ which corresponds to an increase in depth within the bilayer, 

followed by a decrease at C10 completing the full turn around a helix in the plane of the 

bilayer.  In addition, the increased values of Φ compared with the spin-label lipid “ruler” 

for DPPC indicate that KL4 is penetrating deeper in these vesicles than POPC.   

The next set of spin-labeled KL4-IAP samples are C12-C15 and also make a 

complete turn around the helix.  Figure 5-7 shows a similar trend as seen for C7-C10 

however much less pronounced.  This is expected after analysis of the mobility results 

from Chapter 4 which suggests KL4 may not be lying entirely in the plane of the bilayer 

but may exhibit a slight tilt causing erratic results at the C12-C15 positions.  An 

important observation is at the C14 position which gave peculiar results in the mobility 

studies (Figure 4-18).  The relative depth as calculated from power saturation shows 

C14 being deeper in the bilayer when compared to the neighboring amino acid 
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positions.  This correlates well with the proposed helical wheel projections (Figure 4-18) 

and suggests that the decrease in mobility seen at this position may be due to some 

hindrance in the helical structure such as a “kink” at this position.  Comparing the power 

saturation depth parameter of spin-labeled lipids with that of spin-labeled peptide allows 

for the determination of a relative penetration depth between the two lipid systems.  

Figure 5-7 displays the Φ values for KL4-IAP at eight positions in addition to the 

corresponding spin-labeled lipid values (green lines) which are used as a depth “ruler”.  

A model of KL4 in the two lipid systems is proposed and is shown in Figure 5-8 using 

the first four spin-labeled peptide positions (C7-C10).  A slight alteration may need to be 

made for POPC because of the increase depth calculated at positions C12-C15 when 

compared with C7-C10 from Figure 5-7.  The data suggests KL4 lying at a slight angle in 

the POPC-rich vesicles with the C12-C15 positions penetrating slightly further into the 

bilayer when compared to C7-C10.  For DPPC vesicles the data in Figure 5-7 suggests 

KL4 lies parallel with the bilayer throughout positions C7-C10 and C12-C15.  The 

peptide model is based on the NMR data previously discussed [42, 86] while using the 

Φ values from Figure 5-7 to determine the side chain penetration depths using the color 

coded schematic discussed in the Figure 5-8 caption.  In 4:1 DPPC:POPG vesicles KL4 

penetrates deeper in the bilayer when compared to 4:1 POPC:POPG allowing for a 

possible mechanism of DPPC enrichment.  In addition, the difference in either lying 

parallel or being slightly tilted, as suggested from the power saturation data for POPC, 

may also play a role in KL4 function by altering its overall binding interaction. 
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Figure 5-8.  Models of KL4 partitioning into DPPC-rich (left) and POPC-rich (right) 

regions.  Partitioning depths are based on Φ values obtained for the KL4-C 
variant (Figure 5-7). The leucines substituted in this study are color-coded 
with respect to relative partitioning of the IAP spin label at 45 °C with L7R1 
(red) < L8R1 ≈ L10R1 (yellow) < L9R1 (green).  The structures for KL4 are 
based on NMR measurements in DPPC-rich and POPC-rich environments. 

 
Conclusions 

 In Chapter 4, the mobility studies suggested what was already seen in Dr. Long 

et al. NMR studies that KL4 inserted in the plane of the bilayer and at different depths for 

DPPC- and POPC-rich vesicles.  In Chapter 4 power saturation CW-EPR was 

performed to give a better understanding of the relative depths between the two lipid 

systems.  The proposed model in Figure 5-8 is based on the NMR data and the power 

saturation data collected for both spin-labeled lipid and spin-labeled KL4 samples in 

Chapter 4.  It shows that KL4 inserts deeper in DPPC-rich vesicles with the C9 position 

reaching deep in the bilayer beyond the 12-doxyl position.  This difference in binding 

may play a critical role in what many believe is an enriching of DPPC at the air-fluid 

interface in the alveoli.  Understanding these differences of KL4 and lipid interactions 

allows for further development of more specific and targeted drug development.     
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

Pulmonary surfactant is a mixture of lipids and proteins that are vital to proper lung 

function.  Deficiencies or mutations in pulmonary surfactant can lead to a wide range of 

diseases, and one of utmost importance is respiratory distress syndrome (RDS), a 

condition which commonly occurs in premature infants.  According to the center for 

disease control (CDC), RDS is the fourth leading cause of neonatal mortality and 

contributes to the longest hospital stay among preterm infants.  Current treatment for 

RDS consists of administering calf lung extract via a breathing tube directly into the 

lungs of the patient until proper lung function returns.  This is of concern because 

administrating exogenous surfactant to a preterm infant with a compromised immune 

system can produce undesired effects.  Many studies have attempted to remedy this 

issue by closely studying the make-up of pulmonary surfactant.  From these studies it 

has been shown that the fully saturated DPPC lipid, the negatively charged POPG lipid, 

and the hydrophobic surfactant protein B (SP-B) are of critical importance.  Due to the 

hydrophobicity of SP-B, it has been difficult to purify, so synthetic constructs mimicking 

its efficacy are in development.  One such mimic is the 21 amino acid peptide KL4, 

which is currently in FDA trials.  Chapter 1 provides detailed background information 

relevant to both pulmonary surfactant and KL4.  The techniques used to examine KL4 

include circular dichroism (CD), continuous wave electron paramagnetic resonance 

spectroscopy (CW-EPR), and power saturation CW-EPR.  Detailed descriptions on 

each of these methodologies are given in Chapter 2. 
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Chapter 3 describes the optimization of the CW-EPR studies described in 

Chapters 4 and 5.  In order to stay consistent with charge in the lipid studies, 

determination of differences between 3:1 POPC:POPG and 4:1 POPC:POPG needed to 

be determined.  In addition, proper temperature and pH studies were performed to allow 

for increased sensitivity for the power saturation studies.   

 To understand changes occurring at both the lipid and protein’s local 

environment upon KL4 binding, CW-EPR mobility studies were performed using either a 

doxyl spin-label on the lipid acyl chain or employing an IAP spin-label to the peptide 

backbone.  Results in Chapter 4 show that KL4 does not span the bilayer in a 

transmembrane orientation but lies parallel to the bilayer normal.  In addition, 

differences are seen between DPPC- and POPC-rich vesicle systems.  As previously 

indicated by NMR studies performed by Dr. Long et al., CW-EPR shows KL4 penetrates 

deeper into DPPC bilayers interacting at the 12-position on the lipid acyl chain.  CW-

EPR mobility results analyzed using multiple semi-quantitative parameters each indicate 

this difference in penetration depth between the two lipid systems. 

 In addition to the CW-EPR mobility studies, power saturation EPR was used in 

Chapter 5 to study spin-label solvent accessibility at both the lipid and peptide level and 

develop a penetration depth profile in the two systems.  As with the mobility studies in 

Chapter 4, power saturation suggests KL4 penetrates deeper in the DPPC-rich bilayers 

when compared to POPC-rich.  A penetration model was constructed in both lipid 

systems as determined by comparing power saturation values of the peptide with that of 

power saturation values of the lipid acyl chain.  In addition, the solvent accessibility 

trend is indicative of a peptide lying in the plane of the bilayer and not of a peptide in a 



 

106 

transmembrane conformation.  A slight tilt deviating from an entirely parallel peptide is 

suggested in the POPC vesicles, providing another possible difference between these 

two lipid systems. 

 An important aspect of understanding KL4’s function is in knowing how it interacts 

with different lipids.  As it has been hypothesized that KL4 preferentially inserts DPPC at 

the air-fluid interface, understanding how it interacts differently with DPPC than other 

non-saturated lipids can allow for a fundamental understanding of KL4 and possible 

advancements in future drug development.  

Future Directions 

CW-EPR Studies on SP-B C-terminus 

 To date, research has focused on the terminal ends of SP-B, a construct of both 

N- and C-terminus called mini-B, and a few entirely synthetic mimics like KL4.  Our 

group has performed CW-EPR studies on KL4 but our collaborator Dr. Long has looked 

at not only KL4 but the N- and C-termini of SP-B by a variety of NMR techniques.  Since 

EPR and NMR have complemented each other well in studying KL4, it is inevitable to 

expand the group’s interest to the N- and C-termini.  Collaboration has already begun 

on CW-EPR mobility and power saturation studies, similar to that presented in this 

dissertation, on the C-terminus of SP-B.  The large discrepancies at the amino acid 

level between KL4 and the termini suggest a careful consideration of spin-label 

placement will be needed, especially due to the presence of prolines and native 

cysteines. 

Pulsed EPR on KL4 by Electron Spin Echo Envelope Modulation (ESEEM) 

 CW-EPR power saturation studies allow for an indirect study of the water 

penetration into the bilayer by use of an aqueous paramagnetic collider such as NiAA.  
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To directly look at changes in the water penetration profile a pulsed EPR technique 

called electron spin echo envelop modulation (ESEEM) can be utilized.  ESEEM allows 

for a direct look at D2O bonded to the N-O group of the nitroxide spin-label.  This 

technique was first established by Dr. Marsh et al. and used on a similar system of 

DPPC but with cholesterol to affect the water penetration profile within the bilayer [160].  

This technique does require cryogenic temperatures; therefore, it works well in tandem 

with CW-EPR power saturation which can be run at physiological temperatures.   

CW-EPR KL4 Studies in Different Lipid Systems 

 Surfactant proteins have been studied in a variety of different lipid systems with 

varying composition.  One such composition that has interested our group is a 

combination of the two systems employed in this dissertation, DPPC:POPC:POPG 

(2:2:1).  Studying a lipid system such as this one may show results that resemble one of 

the two systems presented in this dissertation, giving further insight into KL4 interaction.  

Preliminary results of CW-EPR mobility and power saturation studies have been 

collected at the 12-doxyl position and C7-C10 KL4 IAP. 
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