
ABSTRACT 

 

CHADWICK, THOMAS GRAY. Lipid-Protein Interactions by Advanced EPR Methods. 
(Under the direction of Tatyana I. Smirnova.) 
 

Biological membranes contain proteins that are responsible for many vital biological 

functions, and understanding the structure-function relationships between the two are 

fundamentally important.  In this work we have utilized Electron Paramagnetic Resonance 

(EPR) spectroscopy to investigate the chemistry of the phospholipid biding protein Sec14p, 

and the insertion profiles of synthetic peptides corresponding to the E2 transmembrane 

domain of selected mutants of the Sindbis Virus.  Sec14p is associated with the secretory 

pathway in the Gogli apparatus, and is thought to be involved in regulating membrane 

composition.  It has been shown to bind phosphatidylcholine (PC) and phosphatidylinositol 

(PI) in vitro.  We demonstrate that Sec14p binds spin labeled homologous of the PC lipid, 

and the corresponding EPR spectra provide information about the mobility of the bound lipid 

and the polarity within the binding pocket.  Accessibility measurements also ascertain the 

orientation of the PC molecule within the binding pocket.  The results show that the PC 

molecule is highly restricted inside the biding pocket; polarity and procticity decrease with 

distance from the polar head region, with increase polarity and procticity at the distal end of 

the sn-2 acyl chain.  EPR data indicate that the molecule adopts a headgroup-out orientation 

and the polarity profile provides a hydrophobic matching necessary for Sec14p to extract a 

lipid from a membrane in a energy-independent mechanism. 

Sinbis virus infects both insects and mammal, and replication requires the 

incorporation of the host cell’s membrane into its structure.  The physical properties of these 



membranes differ, and the transmembrane domains of the virus’s structural proteins must be 

able to assemble into the same structure in both membrane types.  Virus mutants having 

truncated transmembrane domains exhibit differential ability to reproduce, where certain 

mutants favor the production of new virus in mammalian cells, while other mutants favor 

insect cells.  We have investigated this differential infectivity of the Sindbis virus mutants by 

examining the insertion profiles of synthetic peptides STM16 and STM18 in insect and 

mammalian membrane mimics.  These peptides correspond to the transmembrane segments 

of Sindbis virus mutants TM-16 and TM-18.  The results indicate that while both peptides 

assume transmembrane orientation in the insect membrane mimic, addition of cholesterol 

affects peptide-membrane interactions in a cholesterol-concentration dependant manner. 
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CHAPTER 1 

General Introduction and Purpose of Work 

 

 

1.1.  Importance of Membrane Associated Proteins and Protein-Membrane Interactions 
in Biological Systems 

 

Biological membranes are highly complex dynamical macromolecular structures 

responsible for many important regulatory elements within cells. Membranes are known to 

be involved in many biochemical processes that occur in living organisms, which includes 

acting as permeable barriers to diffusion, cellular signaling and recognition, energy 

transduction, enzymatic activity, intercellular fusion, and the organization of various domains 

that are responsible for different functions.  The presence of normally functioning biological 

membranes is a requirement for the maintenance of healthy living cells. Eukaryotic cells 

contain many different intracellular structures, or organelles, each of these being enclosed in 

its own unique membrane bilayer.  The composition of phospholipids for the different 

membranes is maintained through elaborate biochemical mechanisms. The synthesis and 

degradation of lipids, as well as their transportation and sorting, all contribute to the 

maintenance of membrane composition.  In addition to the phospholipid bilayer, membranes 

contain proteins that are responsible for many vital biological functions.  Structural proteins 

help to stabilize the cell, cell recognition proteins are involved in intra-cellular interactions, 

enzymatic proteins produce the many of the essential chemicals for cellular function, and 
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transport proteins modulate the concentration of ions within the cell.  All of these proteins are 

associated with the membrane, either through permanent attachment, or temporarily in 

contact with the membrane.  Proteins permanently associated with a membrane are integrated 

in two different ways; either the protein spans the entire membrane, or is attached on only 

one side.  Proteins that span the entire membrane are known as transmembrane proteins, and 

usually have  α-helical structure, while β-barrel structures are sometimes found.  Proteins 

that are only temporarily associated with a membrane attach to either an integral protein, or 

to the phospholipids through electrostatic and lipophilic interactions.   

Understanding the interactions between proteins and membrane bilayers, and their 

structure-function relationships are of great importance.  About 25-30% of open reading 

frames encode for membrane proteins (Boyd, et al., 1998; Wallin and von Heijne, 1998).  

Functions of membrane proteins are of enormous physiological significance as many are 

promising targets for novel pharmaceuticals (Yeagle and Lee, 2002).  Roughly one year prior 

to this thesis, only about 45 unique crystal structures of membrane-associated proteins were 

known.  As crystallization techniques improved, however, that number has shot up, and as of 

the date of this thesis, 182 unique structures of membrane proteins have been determined 

(http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html).  Obviously, interest in 

studying protein-membrane interactions is increasing. 

Currently, structural determination of membrane-associated proteins is a difficult 

problem in structural biology.  While some structures of membrane-associated proteins have 

been solved by X-ray crystallography, the crystallization techniques are jokingly referred to 

as a high art.  The search for crystallization conditions requires sampling of much wider 

 2

http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html


space than the typical soluble protein crystallization techniques. Even with this difficulty, X-

ray crystallography is the most used technique for structure determination, however it does 

only provide a static picture. Also, there is evidence that osmolytes used in crystallization 

buffers can inhibit conformational changes in membrane proteins (Fanucci et al., 2003; Bond 

and Sansom, 2003).   

Despite the importance in understanding membrane proteins, few spectroscopic 

techniques are able to provide details about the structural organization of membrane proteins, 

and how these proteins interact with lipids that make up the membrane. (Yeale and Lee, 

2002; Arora and Tamm, 2001).  High-resolution NMR methods have been successful in the 

determination of the structures of relatively small, water-soluble proteins, however, due to 

the size, and slow motion of the protein-membrane complexes, structure determination by 

solution NMR is not possible for these systems. Membrane proteins could be also 

reconstituted into 2-D membrane protein crystals in the presence of lipids and analyzed by 

electron microscopy (EM).  However, insufficient ordering of such crystals limits resolution 

of currently obtained structures to 3.0 Å and, for many systems; the obtained resolution is 

lower than that of the typical crystal structure (Mitsuoka, et al., 1999; Ren et al., 2001; 

Miyazawa et al., 1999; Kuhlbrant et al., 1994). 

In this work we have studied two examples of membrane-associated proteins, 

utilizing electron paramagnetic resonance (EPR) spectroscopy as the technique for obtaining 

specific information about the structure-function relationship in these two very different 

systems.  First, we have investigated the chemistry of the phospholipid biding protein named 

Sec14p.  Sec14p belongs to the long recognized, but under-investigated, class of proteins 
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known as phosphatidylinositol (PI) transfer proteins (PITPs).  This class of proteins is known 

to bind and transport both phosphatidylinositol (PI) and phosphatidylcholine (PC) in vitro, 

and Sec14p has been shown to be specifically involved in the secretory pathway of the Golgi 

apparatus.  Sec14p is a water-soluble protein that has temporary contact with the membrane 

as it deposits/extracts a phospholipid.  It is believed that specific segment of the protein 

integrates within the phospholipid bilayer through hydrophobic interactions, exchanges a 

bound phospholipid and extracts another, scooping it up into a hydrophobic pocket in the 

protein.  Our study shows that there are matching electrostatic environments within the 

hydrophobic pocket and interior of a typical membrane, which allows for the energy-

independent exchange of phospholipids. 

We have also investigated the insertion of a transmembrane segment of the Sindbis 

Alphavirus.  Sindbis virus is an enveloped virus that is transmitted by blood-sucking insects, 

and contains the host cell’s membrane in its structure.  Specifically, we are interested in 

understanding the differential infectivity of Sindbis virus mutants that have a shortened 

transmembrane segment on one of its structural proteins.  In assembled viruses, a 

glycoprotein spans the membrane bilayer, connecting the structural proteins on the outer side 

with the capsid protein.  For certain mutants that have a shortened transmembrane segment, 

infectivity is greatly reduced for mammalian host membranes, while the infectivity in insect 

host membranes is only slightly reduced.  Our goal is to understand this differential 

infectivity by investigating the transmembrane insertion of model peptides mimicking the 

transmembrane segment.   
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Biological systems rarely contain stable paramagnetic species, making them “silent” 

in an EPR experiment.  EPR is commonly used for the detection and identification of 

paramagnetic species, such as investigations of free radical intermediates, either produced by 

metabolic reactions or external radiation, and also transition metals in protein active sites.  

The introduction of an EPR active probe to specific sites on a biological macromolecule 

allows for information to be gained about each specific site.  We have utilized nitroxide site-

directed spin labeling, in combination with EPR, for the study of these two systems.   

The modification of a biological system with an external probe was first termed a “reporter 

group” by Burr and Koshland in 1964.  The requirements for such a probe include the 

introduction into specific sites and the reporting of changes in local environment, without 

perturbing the structure and function of the system.  The physical properties of the reporter 

group must also be distinguishable from the properties of the investigated system.  Since 

paramagnetic species rarely exist in biological systems, organic radical probes usually have 

different physical properties than the system of study.  Nitroxide spin labels are the most 

ideal EPR sensitive probes and are used extensively in studies of biological macromolecules.  

Since neither of the systems we have studied contains unpaired electrons, we are able to 

introduce nitroxide spin-probes into specific sites and gather information regarding those 

specific sites. 
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1.2.  Introduction to Sec14p Phosphatidylinositol Transfer Protein 

 

Phospholipid transport proteins (PLTPs) are considered to be likely candidates for the 

lipid trafficking that takes place in living cells, since spontaneous trans-cytoplasmic diffusion 

of lipid molecules is extremely slow to account for the lipid transport rates observed (Sha and 

Lou, 1999; Li et al., 2000). 

Phospholipid transfer proteins (PLTPs) are a class of cytosolic proteins found in all 

eukaryotic cells.  This class of proteins is distinctly different from other proteins, because of 

their ability to catalyze the exchange of phospholipids between separate membranes.  These 

proteins transport lipid molecules one at a time by diffusion through the aqueous phase in 

cells.  This function has been shown to be energy in-dependant in vitro, however, their 

physiological function appears to be more complex.  The general view of PLTP activity is 

that when the phospholipid bound form comes into contact with a membrane, the bound lipid 

is released and inserts into the outer layer of the bilayer.  After phospholipid release, there are 

two possible outcomes: either the PLTP will dissociate from the membrane in an unbound 

form, or it will dissociate with an individual phospholipid from the membrane.  Lateral 

diffusion should prevent the PLTP from dissociating with the same lipid that it just released 

(Cleves, et al., 1991). 

Different classes of phospholipid transport proteins exist; mono-, oligo-, and non-

specific, classified by the type of phospholipid it can transport as shown from in vitro studies.  

The mono-specific PLTPs are specific to only one type of phospholipid, targeting only lipids 
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with similar head groups.  One example is the phosphatidylcholine transfer protein (PCTP), 

which shows activity only for phosphatidylcholine (PC).  Non-specific PLTPs may transfer 

most phospholipids including glycolipids and sterols. Oligo-specific PLTPs will only 

catalyze the transfer of a certain set of phospholipids, having a higher affinity to one type 

over another in the set.  Again, this class of PLTPs target only lipids with specific head 

groups.  A common and highly investigated type of oligo-specific PLTP are the 

phosphatidylinositol transfer proteins (PITPs), which are found in mammalian, fungal, insect, 

and plant life.  PITPs bind both phosphatidylinositol (PI) and phosphatidylcholine (PC), but 

with a higher affinity for PI than for PC.  However, the binding and transfer activity of PITPs 

in vitro may not yet reflect the exact in vivo function of these proteins (Sha and Lou, 1999; Li 

et al., 2000; Cleves, et al., 1991). 

Phosphatidylinositol transfer proteins (PITPs) represent a subset of a larger group of 

phospholipid transfer proteins that are operationally defined by their ability to mobilize 

phospholipids between membrane bilayers in vitro.  PITPs catalyze such energy-independent 

transfer of either phosphatidylinositol (PI) or phosphatidylcholine (PC) between membrane 

bilayers in vitro, with PI representing the preferred ligand in the transfer reactions (Cleves et 

al., 1991; Phillips et al., 2006).  PITPs themselves are highly conserved across the eukaryotic 

kingdom and fall into two distinct classes based upon primary sequence and structural folds.  

These two classes are defined as the Sec14p-like PITPs and the unrelated metazoan PITPs.  

Deficiencies in metazoan PITP functions are either cell-lethal in mammals or, in the case of 

PITP-α isoform, result in neurodegenerative, glucose homeostatic, and intestinal 

malabsorption diseases in mice (Alb et al, 2003). 

 7



The available evidence suggests that PITPs play central, and previously 

unrecognized, roles in phospholipid-mediated signal transduction processes that interface 

with such diverse cellular processes as protein secretion, phototransduction, and receptor-

mediated signaling. As at least two cases of inherited PITP insufficiency in higher eukaryotes 

result in neurodegeneration, and new and fundamental information is needed that that will 

bear directly on the molecular mechanisms by which PITPs protect the mammalian nervous 

system from neurodegenerative disease.  PITPs themselves are highly conserved across the 

eukaryotic kingdom and fall into two distinct classes based upon primary sequence and 

structural fold.  These two classes are defined as the Sec14p-like PITPs and the unrelated 

metazoan PITPs.  Deficiencies in metazoan PITP functions are either cell-lethal in mammals 

or, in the case of PITP-isoform, result in neurodegenerative, glucose homeostatic and 

intestinal malabsorption diseases in mice.  Sec14p-domain proteins are also of medical 

interest as inherited disorders such as vitamin E-responsive ataxia, ataxia/dystonia in the 

jittery mouse, etc. are associated with individual defects in them.  Moreover, the 

developmental switch from yeast to mycelial growth modes, a morphogenetic program 

whose execution is essential for the pathogenesis of dimorphic yeast, is also regulated by 

Sec14p isoforms.  The preponderance of evidence indicates PITPs integrate the action of 

specific phospholipid metabolic reactions with regulation of specific membrane trafficking 

processes. 

In order to gain more insight into how this class of proteins function, in vivo, a suitable 

model system is needed.  We have chosen the yeast Saccharomyces cerevisiae, which 

contains a cytosolic PITP; known as Sec14p (Cleves et al., 1991).   
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1.2.1. Role of Sec14p in Phospholipid Transport 

 

Saccharomyces cerevisiae has become a model system for study of the physiological 

function of PITPs.  The genetic system of yeast has provided the first clear insights into the 

physiological functions for PITPs.  The PITP known as Sec14p, has been found in this yeast, 

and has been shown to bind and transfer PI and PC in vitro.  Initial research into the secretory 

pathway specifically involving the role of the Golgi complex and protein transport through it, 

identified the nuclear gene in yeast, SEC14, to be essential in this process. Genetic mutation 

experiments on the SEC14 gene, which encodes Sec14p, lead to the first possible explanation 

of Sec14p function in vivo.  In fact, this is the only PITP for which a physiological function 

has been assigned (Li et al., 2000; Cleves, et al., 1991; McGee, et al., 1994; Cunningham, et 

al., 1996; Sha, et al., 1998). 

The largest and most widely distributed PITP class is represented by the Sec14p-like 

proteins, so named on the basis of the founding member of the family, the yeast Sec14p 

PITP.  The Sec14p-like PITP class consists of nearly 300 members, and it is appropriate to 

consider this large group of proteins as the Sec14p superfamily (Phillips et al., 2006).  The 

Sec14p lipid-binding domain is employed in a binding strategy for a diverse set of 

hydrophobic ligands, including phospholipids, phosphoinositides, sterol precursors, retinal, 

and tocopherols, and can be expressed either as a free standing domain or as one that is 

integrated into multidomain modules.  The simple budding yeast Saccharomyces cerevisiae 
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expresses six Sec14ps, and this protein class is more highly expanded in higher eukaryotes 

(Vincent, et al., 2005). 

Gene disruption experiments have shown that Sec14p is necessary for biological 

function of yeast cells.  Further experiments have shown that the biological role of Sec14p is 

primarily associated with secretory function of this Golgi complex.  The membrane enclosing 

the Golgi complex requires a certain composition of lipids in order for the organelle to 

function, and Sec14p is thought to be responsible for regulating its membrane composition.  

So far, the in vitro studies of Sec14p have not explained the results of the in vivo 

experiments.  Although the specific targeting of lipids has been shown, the idea that 

regulation of a phosphatidylcholine biosynthetic pathway occurs has not been investigated in 

vitro.  In addition, the finding that Sec14p is primarily associated with the Golgi was initially 

surprising, due to the lack of specificity for certain membranes in vitro (Cleves, et al., 1991).  

This implies that there might be something else going on inside the cell that regulates the 

targeting of specific lipids and membranes, not replicated in the previous in vitro experiments 

(Sha and Lou, 1999; Li, et al., 2000; Bankaitis and Morris, 2003). 

Fortunately, this yeast system allows for experimental investigations into the 

physiological function of PITPs.  Under conditions where Sec14p is at reduced 

concentrations, the Golgi ceases to function, since the fraction of PC lipids in its membranes 

increases.  Mutation experiments, which inhibit the CDP-Choline biosynthesis pathway, have 

shown that Sec14p function is bypassed, meaning that the Golgi continued to function 

without the presence of Sec14p.  By genetically hindering the synthesis of PC lipids in yeast, 

the PI/PC ratio remains elevated, and the function of Sec14p is not necessary.  These findings 
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suggest that this protein serves as a type of sensor, regulating the CDP-Choline biosynthetic 

pathway, rather than solely removing PC lipids by a transport mechanism.  Another pathway 

for PC biosynthesis is the methylation pathway.  Suppression of Sec14p and this biosynthetic 

pathway did not result in a bypass of Sec14p function.  Why do mutations that inhibit the 

CDP-Choline pathway bypass Sec14p function while mutations of the methylation pathway 

do not?  The first of two possibilities requires that the CDP-Choline pathway be localized to 

the Golgi complex.  The other option says that deactivation of the CDP-Choline pathway also 

affects PC synthesis via the methylation pathway.  There is not yet enough evidence to 

support either option, though it seems less likely that PC synthesis via the CDP-Choline 

pathway is localized to the Golgi.  If the methylation pathway is in fact hindered by CDP-

Choline pathway deactivation, then the PC content of the Golgi membrane is controlled by 

the bulk synthesis of PC in the endoplasmic reticulum.  Assuming that both pathways are 

inhibited, then the favorable PI/PC ratio is maintained without the need to remove PC 

(Cleves, et al., 1991).  Either way, there is a link between Sec14p function and the capability 

of the cell to synthesize PC lipids. 

If Sec14p functions to maintain the appropriate PI/PC ratio of the Golgi membrane, 

which is necessary for Golgi secretory function, then it must also affect the budding of 

secretory vesicles.  Mutants of the SEC14 gene, first isolated by Schekman and colleagues 

produced a block in the secretory pathway of the Golgi complex when taken to restrictive 

temperatures.  Analysis of these results indicates that the protein, Sec14p, is essential for the 

budding of secretory vesicles from the Golgi complex (Schekman, 2002).  Vesicle budding is 

necessary for the secretion of proteins from organelles, and is a complex process that has 
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many steps.  First, coat proteins must associate with the membrane.  Then, the membrane 

must deform in order to form a vesicle.  Next, the vesicle must constrict to the point of 

release from the membrane.  Restrictive mutants of the SEC14 gene cause a secretory block, 

and on this basis, the protein, Sec14p, is thought to be necessary in one of these budding 

steps, however it is not known which one (Li, et al., 2000; Sha, et al., 1998; Cockcroft, 

2001). 

 

1.2.2. Crystal Structure of Sec14p 

 

At the beginning of this work, a Sec14p crystal structure was available which 

identified a novel fold that forms a hydrophobic pocket of sufficient volume to accommodate 

a single molecule of either PI or PC (Sha et al., 1998) (Figure 1.1).  The crystal structure 

shows that Sec14 contains twelve α-helices, six β-strands, and eight 310-helices, all divided 

into two distinct domains.  Within the N-terminal domain, five α-helices encompass the top 

of the C-domain.  Another α- helix, along with four 310-helices extending around the β-sheet 

floor of the pocket, completely surrounds the C-domain in a string like motif, essentially 

wrapping it up.  The interiors of these helices are hydrophobic, adding to the protein 

stabilization by hydrophobic stacking, while the solvent exposed residues are of course 

hydrophilic, allowing the protein to be water-soluble (Sha, and Lou, 1999; Li, et al., 2000; 

Sha, et al., 1998).  The carboxyl-terminal domain forms a hydrophobic “pocket” in which the 

phospholipids would reside. The N-terminal domain reinforces the structure of the 
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hydrophobic pocket via this string-like motif, and is suggested to play an important role in 

regulating conformational changes that accompany the phospholipid exchange reaction.  

There is also a hydrophobic helix on the surface of the protein that is thought to be a “gate” 

into the hydrophobic pocket. 

 

 

Figure 1.1.  Crystal structure of the Saccharomyces cerevisiae Sec14p.  The Sec14p fold 
consists of twelve α-helices, six β-strands, and eight 310-helices.  An en-face view of the 
molecule that reveals the hydrophobic phospholipids binding pocket is shown in ribbon 

diagram mode (A).  The Sec14p crystal structure is of an apo-form bound to two molecules 
of β-octylglucoside (shown in space fill mode). These two detergent molecules reside in the 
single large hydrophobic pocket of the protein, and the pocket is proposed to be gated by the 
A10/T4 helix (in black; helix labeled) which is posited to reside in an ‘open’ conformation in 
the apo-Sec14p structure.  Panel (B) depicts a view of the Sec14p molecule from the top so 

that the dominant structural element of the back of the molecule (the string motif; labeled and 
in black) is revealed.  The string motif stabilizes the Sec14p fold by wrapping behind the β-

strand floor of the hydrophobic pocket. 
 

When I started this work, there were no available structures of Sec14p with either PI 

or PC bound phospholipids.  This structure represents an apo-Sec14p loaded with two 

molecules of the detergent n-octyl-β-D-glucopyranoside (BOG) (Figure 1.2).  This particular 
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structure is interpreted to describe a transitional Sec14p conformer that exists only transiently 

on the membrane surface as Sec14p undergoes phospholipid exchange.  While two molecules 

of (BOG) were introduced to fill the hydrophobic pocket, the residues to which each 

phospholipid’s polar head selectively binds could not be determined from the crystal 

structure.  Much of the protein’s functional core was resolved, having only a few unresolved 

residues at the ends of the N- and C-termini.  Hydrophobic stacking between the two 

domains allows the protein to diffuse through the cytoplasm while shielding a phospholipid 

inside its hydrophobic core (Sha, and Lou, 1999; Li, et al., 2000; Sha, et al., 1998). 

 

 

Figure 1.2. Backbone structure of n-octyl-β-D-glucopyranoside (βOG) 

 

While Sec14p function is not completely understood, several hypothesis were 

generated as a result of this structure.  Most notable is the 3,000 Å3 hydrophobic pocket that 

it formed by the C-terminus domain.  The “floor” of this pocket is made up by all six β-

strands, while two sides of the pocket are made up of α-helices.  One of these helices, the 

A10/T4, is proposed to act as the “gate” mentioned above, and is actually a combination of 

α- and 310-helix.  This helix represents the separation between the two domains, and, in fact, 

the linkage of this 310- and α- helix assists in holding the two domains together  (Sha, and 
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Lou, 1999; Li, et al., 2000; Sha, et al., 1998).  In addition, it is very hydrophobic, but is 

situated at the surface of the protein.  It is proposed that structural reorientation occurs during 

phospholipid binding due to the energetic instability of this solvent exposed set of residues. 

Structural determination of the Sec14p protein provided key information regarding its 

stability, and gave insight into the results of previous mutational experiments.  The structural 

information obtained also allowed for further mutational experiments to be directed toward 

specific residues thought important for stability and function.  A temperature-sensitive defect 

mutation was introduced at residue Gly266, by substitution of Aspartic acid, and was shown 

to render Sec14p thermolabile for phospholipid transfer activity in vitro, and for 

physiological function in vivo.  The crystal structure shows that side chains substituted for 

the Gly266 residue point towards the T5 helix.  The larger side chain of Aspartic acid 

disturbs the string motif through stearic hindrance, and as a consequence, the N-domain does 

not wrap as tightly around the hydrophobic pocket, causing it to be less stable.  Further 

mutagenesis data show that this destabilization does not occur with substitution of large side 

chains at the adjacent Gly265 residue.  It would seem that the stability of the hydrophobic 

pocket is essential for biophysical function of Sec14 although it is thought possible that the in 

vivo control over the PI/PC ratio is not maintained through phospholipid transfer reactions 

(Sha, and Lou, 1999; Sha, et al., 1998). 

As mentioned before, the crystal structure was not able to answer which residues 

specifically interact with either the PI or PC polar head-groups on the each phospholipid.  

However, interactions of the two detergent (βOG) molecules inside the hydrophobic pocket 

can give insight into the binding of the phospholipids.  The βOG head group is chemically 
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similar to that of phosphatidylinositol, thus the interactions between its head group and 

Sec14p can help to determine the nature of the interaction of phosphatidylinositol with 

Sec14.  From the crystal structure, potential hydrogen bonds between the detergent head 

group and Sec14p can be identified (Figure 1.3).  The shortest and most ideal hydrogen bond 

is between the O4 on βOG and residue Gly207 on Sec14p; however, in this situation residue 

Gly207 is not in its most favorable conformation.  An electrostatic interaction between the 

side chains of Gly207 and Lys239 rotates Gly207 into a conformation that is ideal to form a 

hydrogen bond with βOG, and presumably PI.  If this is in fact the PI binding site, then the 

side chains of Gly207 and Lys239 are critically important.  Both of the residues are 

conserved in all proteins similar to Sec14 that have in vitro phosphatidylinositol binding 

activity, suggesting that it is necessary for PI binding.  Furthermore, mutation of residue 

Lys239 completely inhibits in vitro PI binding, without affecting the binding of PC.  

Obviously the crystal structure cannot reveal the exact nature and specific residues for 

binding of either phospholipid, but in combination with mutation experiments guided by this 

structure, there is insight into how Sec14p targets and binds PI.  Understanding of how 

Sec14p targets specific phospholipids by the polar head group also gives insight into how 

Sec14p functions in vivo (Sha, and Lou, 1999; Li, et al., 2000; Sha, et al., 1998). 
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Figure 1.3.  Single βOG interaction with Sec14p residues.  Dashed lines depict hydrogen 
bonds, with distances in angstroms.  Carbon in green, Nitrogen in blue, Sulfur in yellow, and 
Oxygen in red.  Sha, B., Phillips, S., Bankaitis, V., & Luo, M. (1998) Nature 391: 506-510.  

PDB ID: 1AUA 
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1.2.3. Mechanism of Phospholipid binding by Sec14p 

 

How Sec14p actually binds its phospholipid substrates remains an important and 

unanswered question.  Structural information provided by the Sec14p crystal structure gives 

insight into the mechanistic function of this PITP.  With regard to substrate binding in the 

soluble Sec14p-phospholipid complex, bound phospholipid is predicted to orient with the 

acyl-chains packed into the hydrophobic interior of the pocket, whereas the phospholipid 

headgroup is disposed toward solvent.  Although this hypothetical “headgroup-out” 

disposition of the bound phospholipid is both an attractive and an intuitive one, solution of a 

phospholipid-bound Sec14p structure is required to resolve this question, and no such 

information is yet available.  Resolution of this issue is important, since it speaks to one of 

several potential mechanisms for how Sec14p (and Sec14p-like proteins) may regulate 

phospholipid metabolism.  The uncertainty surrounding whether the intuitive orientation of 

phospholipid within the Sec14p pocket is indeed the correct one is emphasize by structural 

analyses of phospholipid-bound metazoan PITPs.  These proteins bind phospholipid 

substrates in the reverse “headgroup-in” orientation  (Yoder, et al., 2001; Tilley, et al., 2004). 

A mechanism for phospholipid exchange was proposed, which asserts that the 

A10/T4 helix is critically important to Sec14 function (Sha, et al., 1998) (Figure 1.4).  The 

solvent-exposed residues of this surface helix are actually the most hydrophobic regions on 

the protein’s surface.  The helix also protrudes slightly away from the surface and has strong 

van der Waals interaction with both acyl chains of the βOG molecules.  This interaction with 
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the acyl chains shows how the phospholipid acyl chains may reside inside the hydrophobic 

pocket, and does suggest an A10/T4 helix driven model (Sha, et al., 1998).  This model 

suggests that the helix, because it protrudes from the protein surface, comes into contact with 

a membrane.  The binding of Sec14p to the membrane involves the insertion of the helix into 

the membrane, coming into contact with the acyl chains of phospholipids.  With the 

hydrophobic pocket open and exposed to the membrane surface, the bound phospholipid is 

capable of diffusion into the outer leaflet of the bi-layer.  How exactly this is accomplished is 

still an unanswered question.  It has been reported, however, that phospholipid “flip-flop” 

can be stimulated by synthetic hydrophobic peptides (Fattal, et al., 1994).  It is possible that 

the A0/T4 helix may stimulate this same flip-flop of phospholipids by inserting its 

hydrophobic residues into the membrane (Sha and Lou, 1999).  The acyl chains of the flipped 

lipid will go into the upper part of the pocket, as its corresponding head group-binding site 

selectively extracts the lipid.  Once the system re-equilibrates with a new bound lipid, it 

dismounts and diffuses into the cytoplasm.  Since it has been previously reported that 

Sec14p, like other PITPs, has a 16 fold higher binding affinity for PI than for PC, it seems 

that PC will only be removed/replaced when its concentration is much higher than that of PI. 
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Figure 1.4. Cartoon representation of the proposed mechanism for Sec14p phospholipid 
exchange.  Sha, B., Phillips, S., Bankaitis, V., & Luo, M. (1998) Nature 391: 506-510. 

 

The polar head of the bound phospholipid resides at the solvent exposed surface of 

Sec14p, at the A10/T4 helix opening to the hydrophobic pocket.  It is possible that the 

activity of Sec14 is different depending on which type of phospholipid is bound.  The two 

different species would then have different physiological functions.  As mentioned before, in 

vivo experiments show that Sec14p may regulate a PC biosynthetic pathway.  The two 

different PL-bound forms of Sec14 may interact differently with other macromolecules 

involved in this synthetic pathway, inhibiting PC synthesis (Sha and Lou, 1999). 

 

1.2.4. Utilizing EPR to Understand the Chemistry of Phospholipid Binding 

 

Our investigation focuses on understanding how Sec14p binds a PC molecule.  

Specifically, we are interested in the differences in the PC binding conformation compared to 

that of PI indicated by the Sec14p crystal structure.  Second, whether the A10/T4 “gate” 
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helix is in the open or closed conformation when the protein is in solution, and finally 

probing the electrostatic environment in order to test the hypothesis that there is an energetic 

balance between the Sec14p binding pocket and membrane bilayer. 

Through this mechanism of binding, a single phospholipid is removed from a 

membrane bilayer, which can be considered the initial starting point.  Once the phospholipid 

is removed, it then resides inside of the protein with specific orientation and interactions with 

protein residues.  This condition would be thought of as the end point.  In order to understand 

the mechanism for lipid binding, both initial and final conditions of the system must be 

understood.  We have performed a detailed study of the PC bound form of Sec14p, and from 

these studies, a clear picture of how the PC lipid resides inside of Sec14p’s hydrophobic 

pocket comes into view, providing knowledge about the final stage of the phospholipid 

binding mechanism. 

Nitroxide spin probes can be covalently attached to cysteine residues in the protein 

sequence, and structural information can be obtained by expressing a series of mutants with 

containing a cysteine residue at different sites along the chain.  Sec14p has three unique 

cysteines already, so to perform this type of EPR experiment, those cysteines would have to 

be mutated out, and a series of mutants containing single cysteine residues at pre-determined 

sites would have to be expressed.  Since we already have an informative crystal structure, 

this type of experiment was not of interest.  Instead, since the crystal structure contained no 

information about the structural organization of a bound phospholipid contained inside the 

hydrophobic pocket, we chose to use spin labeled derivatives of phosphatidylcholine, 1-acyl-

2-(n-(4,4-dimethyloxazolidine-N-oxyl)stearoyl)-sn-glycero-3-phosphocholine.  The structure 
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of one spin-labeled phosphatidylcholine derivative having the doxyl moiety attached at 

position 5 on the sn-2 chain is shown in Figure 1.5.  The spin-labeled lipids will be referred 

to by their abbreviations: n-doxyl-PC (n = 5, 7, 10, 12, and 16) through the remainder of this 

thesis.   
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Figure 1.5.  Structure of 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine 
(5-doxyl-PC). 

 

 

1.3.  Introduction to Sindbis Alphavirus 

1.3.1. Infectivity of Alphaviruses 

 

Alphaviruses belong to the Togaviridae family of viruses, which all contain a positive 

sense, single stranded RNA genome.  All alphaviruses are enveloped, and the total length of 

the genome ranges between 11,000 and 12,000 nucleotides, and has two open reading 

frames, structural and non-structural. The structural open reading frame encodes the 

sequences of the four structural proteins in all alphaviruses: the Capsid protein C, the 

Envelope glycoprotein E1, and Envelope glycoprotein E2.  The non-structural open reading 

frame encodes the proteins responsible for transcription and replication of the viral RNA.  
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Protein expression and genomic replication both occur within the host cell’s cytoplasm.  

Viruses in this genus are vectored by mosquitoes and capable of infecting humans, small 

mammals, birds, and even invertebrates, and are transmitted through bites (http://virology-

online.com/viruses/Arboviruses2.htm).    

After infection, alphaviruses can cause encephalitis, fever, arthritis, and rashes; 

however, the number of cases of fatal encephalitis is small.  Alphaviruses are structurally and 

functionally similar to flaviviruses, which is a genus of the family flaviviridae.  This genus 

contains viruses such as West Nile, dengue, Yellow fever, and other encephalitis causing 

viruses.  This class of viruses frequently causes severe infections in humans, and is very 

dangerous to work with in the laboratory setting.  Alphaviruses by contrast usually produce 

only mild symptoms in humans, which is an advantage for scientific studies (Straus and 

Strauss, 1994).   

First isolated in 1952 in the Nile River delta in Egypt from a pool of Culex pipiens and 

Cx. univittatus mosquitoes, the Sindbis virus causes Sindbis fever and is most common in 

South and East Africa, Egypt, Israel, Philippines and parts of Australia (Taylor, et al., 1955).  

Sindbis, like other alphaviruses, are complex in structure.   The particles are a mixture of the 

products of the virus’s genetic information, combined with the membrane of the host cell.  

There are major differences in the structure and composition of the two types of host 

membranes.  The membrane spanning proteins of Sindbis, and all alphaviruses, must 

integrate with the proper orientation into the host cell’s endoplasmic reticulum in order for 

the virus to assemble correctly.  Due to the differences in host cell membranes, it is 
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hypothesized that there are specific constraints placed on the membrane-spanning domains 

for proper assembly (Hernandez, et al., 2003).   

 

1.3.2. Structure of the Sindbis Alphavirus 

 

Alphaviruses are interesting molecular systems because of the viral envelope 

covering the nucleocapsid core.  These envelopes are comprised of elements from the host 

cell membrane, as well as segments of the viral glycoproteins.  The nucleocapsid core 

contains the positive strand RNA, and is surrounded by 240 individual copies of the capsid 

protein C.  The capsid proteins are arranged symmetrically in a T=4 icosahedron.  (Cheng, et 

al., 1995; Coombs and Brown, 1987). 

Sindbis Virus contains all the structural elements that all alphaviruses have.  The two 

structurally identical icosahedral protein shells are concentric, and are separated by a 

membrane bilayer.  For a mature virus particle, there are 240 copies of each type of structural 

protein, in a 1:1:1 stoicheometry.  Electron Cryo-Microscopy was used to obtain an electron 

density map of the surface of Sindbis virus and the virus nucleocapsid.  Figure 1.6 is a cross-

section image of the Sindbis virus structure, and shows the host-derived membrane 

“sandwiched” between the concentric shells, which is penetrated by the transmembrane 

domains of E1, and E2 glycoproteins. 
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Figure 1.6.  Electron Cryo-Microscopy image of Sindbis virus.  In red - a host-derived 
bilayer penetrated by transmembrane domains of glycoproteins.  (biochem.ncsu.edu/ 

faculty/brown/brown.htm). 
 

The outer envelope is composed of E1 and E2 glycoproteins arranged in 80 

heterotrimer units on the virus surface.  The host-derived membrane contains transmembrane 

segments of both E1 and E2, which traverse the membrane.  These transmembrane domains 

serve as anchors to hold the outer shell together.  The E2 glycoprotein specifically interacts 

with a hydrophobic portion of the capsid protein.  This interaction stabilizes the overall 

structure and is important for the formation of the outer shell around the inner as the final 

envelopment takes place.  The E2-C interaction locks the inner and outer shells together once 

envelopment if finished (Ferreira, et al., 2003; Lee and Brown, 1994; Anthony and Brown, 

1991).   
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Assembly of Sindbis virus involves several specific interactions between proteins that 

occur in two separate pathways (Strauss and Strauss, 1994).  Replication of Sindbis virus 

begins with the synthesis of its structural proteins, which are translated as a polyprotein with 

a molecular size of 130 kDA.  The capsid C protein is located at the N-terminal and is 

autoproteolytically cleaved from the polyprotein during synthesis (Choi, et al., 1991; Hahn 

and Strauss, 1990).  Once separated, the capsid C protein assembles around the replicated 

RNA strand, forming the nucleocapsid, which will later become the inner shell of Sindbis 

virus.  The remainder of the polyprotein is synthesized after association of the RNA-

ribosome complex with the endoplasmic reticulum.  The newly exposed N-terminus of the 

developing polyprotein serves as signal sequence to translocate the polyprotein into the 

membrane of the endoplasmic reticulum. (Lilijestrom and Garoff, 1991).  The remaining 

polyprotein contains the sequences of E1 and E2 glycoproteins, and is integrated into the 

endoplasmic reticulum of the host cell membrane.  There, the polyprotein is processed to 

form PE2 and E1, PE2 being the precursor to E2.  E1 glycoprotein then folds into a more 

compact form and binds PE2 to create the heterodimer.  This heterodimer then forms three 

copies of each E1 and PE2 proteins, while E1 continues folding and forming disulfide bonds 

(Carleton, et al., 1997; Mulvey and Brown, 1996).  Synthesis on the ER results in the 

incorporation of the protein as a multipass membrane protein with six membrane-spanning 

domains (Lilijestrom and Garoff, 1991) (Figure 1.7).  Once heterotrimer formation and E1 

folding is complete, the glycoprotein trimers are transported to the plasma membrane.  While 

in transit, PE2 is converted to E2 by furin protease.  Final assembly of Sindbis virus occurs in 

the plasma membrane.  The nucleocapsid binds to the endodomain of E2 segment containing 
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amino acids 405 to 418 (Rost, et al., 1995).  This segment of E2 is essential for recognition of 

the capsid C protein.  As the E2 and C proteins come into contact and attach, the 

nucleocapsid pulls the heterodimers, together with the host cell membrane, around itself, 

forming the outer concentric shell (Cheng, et al., 1995; Fuller, et al., 1995; Paredes, et al., 

1993).   

   

 

 

 

 

 

 

Figure 1.7.  Schematic representation of the organization of the structural proteins of Sindbis 
virus located in the membrane of the ER.  There are 5 transmembrane domains, labeled 1 

through 6.  As noted in the diagram, the 6K segment is removed by signal peptidase, and the 
PE2 N-terminal region is removed by Furin protease.  Domain 3 later withdraws from the 
membrane, then attaches to the capsid C protein, leaving domains 2 and 6 as the anchors.  

(Hernandez, et al., J. Virol., 2003). 

 

1.3.3. Host-cell Membrane Interactions with Transmembrane Domains of Sindbis 

 

As the host cell’s membrane is incorporated into the structure of Sindbis virus, it is 

important to understand the differences in the chemical and physical properties of 

membranes for insects and mammals.  Insects, primarily mosquitoes, are the natural hosts for 
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all alphaviruses.  Insect cells are not able to synthesize cholesterol, and their membranes are 

devoid of it (Bretscher and Munro, 1993; Clayton, 1964).  In mammals, membranes in the 

secretory pathway, where Sindbis is replicated, contain large amounts of cholesterol.  

Another major difference between insect and mammalian membranes is the type and length 

of lipids contained in the membrane.  Insect’s membranes contain more phosphatidyl-

ethanolamine lipids, while mammals have higher concentrations of phosphatidylcholine.  

Also, insect membranes are comprised of lipids with shorter chain length than those of 

mammals (Luukkonen, et al., 1973).  Another major difference in phospholipid composition 

that greatly affects the physical properties of the membrane is the degree of saturation in the 

phospholipids that make up the membrane.  Insect membranes contain a high percentage of 

phospholipids with a double bond on each acyl chain, while mammalian membranes contain 

phospholipids having only one unsaturated acyl chain.  The insect membrane is therefore 

more fluid than that of a mammalian membrane under the same conditions. 

Since the structural proteins of Sindbis virus do not change depending on the host, the 

transmembrane segments of the E2 domain must integrate and orient properly into both types 

of membranes (Lilijestrom and Garoff, 1991).  It is hypothesized that there exists specific 

constraints for the glycoprotein assembly into host cell membranes, due to their differing 

composition and physical properties (Hernandez, et al., 2003).  This group observed the 

growth of Sindbis virus mutants, which had a shortened E2 domain at the cytoplasmic 

interface of the membrane, in both insect and mammalian cells.  This mutant grew to higher 

concentrations in insect cells compared to the wild type virus, while growth inhibited in 

mammalian cells.  They proposed that the shortened glycoprotein was able to adapt a 
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conformation in the insect cells that was conducive to virus replication, while a suitable 

conformation could not be achieved in the mammalian membrane. 

 

1.3.4. Mutational Experiments on Sindbis E2 Transmembrane (STM) Domain 

 

Expanding on this mutational experiment, Hernandez, et al., systematically created 

mutants of Sindbis virus by shortening the transmembrane domain of the E2 glycoprotein.  

The purpose was to monitor virus assembly and infectivity for these mutants in both 

membrane types.  A series of mutants was expressed, each having the transmembrane 

domain of the E2 glycoprotein truncated.  The length of this transmembrane segment in the 

wild type virus is 26 residues long.  A varying number if residues was removed for each 

mutant, and each are named TM-n, with n being the length of the transmembrane segment in 

residues.  They found that these deletions to the transmembrane domain changed the way this 

protein interacts with the membrane, and in some cases, affected virus assembly and lowered 

infectivity.  Figure 1.8 shows the amounts of virus produced for 3 select mutants of Sindbis 

(TM-10, TM-16, and TM-18), compared to the wild type.  All Sindbis mutants produced 

large amounts of virus particles, however, the relative infectivity did vary.  Most notably was 

the differential growth of the TM16 mutant in the two membrane types.  Additionally, the 

degree to which the E2 domain was shortened does not appear to have an effect on the virus 

infectivity, indicating that phospholipid chain length is not the sole determining factor for 

proper insertion of the E2 glycoprotein. 
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Figure 1.8.  Production of infectious virus for TM mutants of Sindbis virus.  Concentration 
of virus shown in blue for insects and red for mammals.  Error in experiments was reported 

to be between 10 and 20%.  (Hernandez, et al., J. Virol., 2003). 

 

1.3.5. Utilizing EPR to Understand Membrane Insertion of Sindbis domains 

 

For this study, we were interested in understanding the interactions between the 

phospholipids in the host-cell membranes and the truncated transmembrane segments TM-16 

and TM-18.   

The residue sequence for the transmembrane segment on the E2 glycoprotein in wild 

type Sindbis virus is: 

Wild Type: VYTILAVASATVAMMIGVTVAVLCAC           26 residues 
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For each mutant generated in their study, a different number of residues was truncated from 

the central region of the transmembrane segment.  For the TM-16 and TM-18 mutants, the 

transmembrane segment residue sequences are truncated to: 

TM-16:  VYTILAVVTVAVLCAC     16 residues 

TM-18:  VYTILAVIGVTVAVLCAC    18 residues 

Of course, these sequences represent the transmembrane portion only, and are a small 

segment of the whole protein sequence.  As it is infeasible to express new mutants for the 

Sindbis virus that contain a single cysteine residue at varying positions along the 

transmembrane segment, peptides having the specific sequences that we needed had to be 

synthesized.  The peptides were synthesized as a model for the TM-16 and TM-18 

transmembrane segments of the E2 glycoprotein on Sindbis virus for the purpose of 

reconstitution into the different host membranes.  In order to differentiate the synthetic 

peptides from the TM mutants on the Sindbis virus, we have labeled the synthetic peptides as 

either STM16, or STM18, as apposed to TM-16 and TM-18 referring to the Sindbis virus 

mutants.   

These synthetic peptides were first spin-labeled and then incorporated into each of the 

membranes used in this study.  Electron paramagnetic resonance experiments were 

conducted on these samples in order to gain information about the transmembrane insertion 

of these peptides in the different membranes.  Accessibility experiments demonstrate the 

configuration of the peptides with respect to the membranes, whether they are 

transmembrane, or aggregated on the bilayer surface.  The insertion profiles of these 

peptides, combined with investigation into cholesterol concentration and lipid chain length, 
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help to explain the differential growth of the Sindbis virus mutants in the two membrane 

types. 
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CHAPTER 2 

Investigation of Sec14p-Bound Phospholipid: Dynamics and Solvent Accessibility 

 

 

2.1. Experimental Methods 

2.1.1. Expression and Purification of Sec14p 

 

Recombinant His6-Sec14p was recovered from Escherichia coli strain KK2186 

[Δ(lac-pro) supE thi strA sbcB-15 endA/F’(traD36 lacIQ lacZΔ15) by the Bankaitis research 

group in the Department of Cell and Developmental Biology at the University of North 

Carolina, Chapel Hill, NC.  Isopropyl β-thiogalactoside (1mM final concentration) inducible 

expression of the His6-Sec14p was driven by a pQE31-based plasmid (Qiagen; Hilden, 

Germany).  Bacterial cultures were incubated for an additional 5 hours with shaking at 37 °C.  

Cells were harvested by centrifugation, and the cell pellet was resuspended in ice-cold lysis 

buffer (50 mM sodium phosphate, pH 7.1, 300mM NaCl, 1mM NaN3, 0.2mM 

phenylmethylsulfonylfluoride).  Lysozyme was added, and the suspension was incubated at 

25°C for additional 10 minutes.  Cells were disrupted by collision with 0.1mm diameter glass 

beads in a cooled bead beater (Biospec Products; Bartlesville, OK).  Cell lysates were 

subsequently clarified by differential centrifugation series at 1000 g, 14,000 g and 100,000 g, 

respectively.  The clarified supernatant was applied to Talon™ Sepharose resin (Clontech 

Laboratories; Mountain View, CA), the resin was washed extensively with lysis buffer, and 

bound protein was eluted with a linear imidazole gradient (0-200mM) reconstituted in lysis 
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buffer.  Peak fractions were pooled, dialyzed extensively against lysis buffer at 4°C and a 

second round of affinity purification and dialysis was subsequently performed.  Protein 

purity was monitored by SDS-PAGE and Coomasie Blue staining of gels.  Sec14p purity 

exceeded 95%, and purified protein exhibited robust PI- and PC-transfer activity. 

 

2.1.2. Preparation of n-doxyl-PC Liposomes 

 

Sec14p was loaded with the n-doxyl-PC by first preparing liposomes comprised of 

100% labeled lipids.  Each nitroxide spin-labeled phosphatidylcholine species, 1-acyl-2-(n-

(4,4-dimethyloxazolidine-N-oxyl)stearoyl)-sn-glycero-3-phosphocholine (n-doxyl-PC, n=5, 

7, 10, 12, and 16), was purchased from Avanti® Polar Lipids, Inc. (Alabaster, AL) as 

chloroform solutions, and used without further purification.  Multilamellar aqueous 

dispersions of n-doxyl-PC (20 % by weight) liposomes were prepared by pippeting target 

amounts of n-doxyl-PC into conical vials.  Vials were kept under strong vacuum overnight to 

removed chloroform.  Once all solvent was removed, buffer solution (50 mM sodium 

phosphate, pH 7.1, 300mM NaCl) was added to the dry lipid film and heated in warm water 

bath to 50 °C in order to suspend the lipids in solution.  The suspension was then frozen in 

liquid nitrogen, and placed back into the warm water bath to thaw.  This freeze-thaw process 

was repeated ten times. 
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2.1.3. Binding of n-doxyl-PC by Sec14p 

 

Sec14p was loaded with the n-doxyl-PC by mixing the protein and liposome solutions 

in a ration of 1:1 protein to phospholipid.  Samples were then allowed to incubate for at least 

two hours before EPR spectra were recorded.  Binding was monitored by continuous wave 

(CW) X-band EPR at room temperature until no further changes in the signal amplitude was 

observed. 

 

2.1.4. 9.5 GHz Continuous Wave (CW) EPR Spectroscopy 

 

All 9.5 GHz continuous wave (CW) X-band EPR spectra were acquired with a 

Century Series Varian E-109 (Varian Associates, Palo Alto, CA) EPR spectrometer and 

digitized to 2048 data points per spectrum.  Typical spectrometer settings were: microwave 

power 2mW, field modulation frequency 100MGz and amplitude less than 1G to avoid over-

modulation.  Specific ranges of magnetic field scans are indicated in the figures.   

 

2.1.5. Variable Temperature Experiments 

 

Variable temperature 9.5 GHz CW EPR spectra were obtained using a nitrogen flow 

system connected to a Varian variable temperature controller. Temperature of each sample 

was measured with a VWR International (West Chester, PA) digital thermometer equipped 

with a micro stainless steel probe positioned in the cavity just above the sample. The VWR 
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thermometer has resolution of 0.001°C and accuracy of ± 0.05°C.  In all experiments, 

temperature was controlled better than ± 0.5oC. 

 

2.1.6. Sec14p Solvent Accessibility Experiments 

 

NiEDDA (nickel(II) ethylenediamine-N,N’-diacetic acid) was synthesized in our 

laboratory using the method described by Altenbach, et al., 1994.  Ethylenediamine-N,N’-

diacetic acid and Ni(OH)2 were both purchased from Sigma-Aldrich (St. Louis, MO) and 

mixed in a 50:50 water:methanol solution in equimolar amounts.  This solution was stirred 

for 24 hours at room temperature, continued by another 24 hours of stirring at 60 °C.  The 

NiEDDA product was filtered, and dried under vacuum, leaving a blue powder.  Electrospray 

mass spectrometry was used to verify that NiEDDA was synthesized.  A NiEDDA stock 

solution with a concentration of 200 mM was prepared in the same buffer as the protein (50 

mM sodium phosphate, pH 7.1, 300 mM NaCl).  

Saturation recovery (SR) pulsed EPR experiments were conducted at 4oC with a 

Bruker Biospin (Billerica, MA) X-band ElexSys 680 EPR spectrometer installed at the 

National High Magnetic Field Laboratory, Tallahassee, FL.  The SR measurements were 

performed using a 0.16μs pump pulse and an amplifier output of 10W.  Shot repetition time 

was 204μs.  Each SR curve was digitized to 1024 points. Data were acquired at the field 

position corresponding to the maximum EPR intensity (mI = 0 hydrogen hyperfine 

transition).  The reference signal was acquired at 50G shift in the lower field.  CW X-band 
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EPR accessibility measurements were conducted on the same Century Series Varian E-109 

spectrometer. 

 

2.2. Binding of n-doxyl-PC by Sec14p 

 

Phospholipid binding by Sec14p removes individual lipid molecules from the 

liposome and isolates the nitroxide from the other labels in the system.  As lipid binding 

proceeds, the EPR signal that results from the Sec14p bound form of n-doxyl-PC grows out 

of the background (Figure 2.1 B).  The intensity of the signal increases until the protein binds 

all spin labeled lipids. This occurs because the nitroxides are in close proximity when in the 

liposome.  When the orbitals of unpaired electrons even partially overlap due to the collision 

of molecules, different types of spectra may result, depending on the amount of the overlap.  

When the nitroxides collide at an intermediate rate, such as the case for our samples, there is 

an extremely large amount of broadening that occurs.  This phenomenon is referred to as 

exchange broadening, and has been previously employed to study lateral diffusion rates in 

lipid films (Davaux, & McConnell, 1972).   The single line EPR spectrum of spin-labeled 

lipids forming a liposome is well modeled by a Lorentzian function as illustrated for 5-doxyl-

PC in Figure 2.1A.  A least squares simulation is shown as a solid line that very closely 

follows the experimental spectrum.  When recorded at high modulation amplitude of 8 G, the 

broad line can be easily seen. When recorded at modulation amplitude of 1 G, the broad line 

is almost completely undetectable.   
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The lack of sharp features from the spectrum in Fig. 2.1A demonstrates that the EPR 

signals from n-doxyl-PC monomers are too weak to be detected under these conditions.  The 

concentration of the n-doxyl-PC monomers in aqueous buffer is in the nano-molar range, 

which is well below the typical sensitivity of X-band EPR spectrometers. 

The isolation of the spin label inside Sec14p’s hydrophobic cavity effectively 

eliminates spin-spin interactions for the protein bound n-doxyl-PC species and produces 

significant line shape changes.  This line narrowing results in a significant (ca. six-fold) 

increase in the peak-to-peak amplitude of the corresponding EPR spectrum as compared with 

the initial signal from liposomal 5-doxyl-PC.   The presence of the signal from unbound, 

aggregated lipids is particularly noticeable from broad wings that extend far away from 

characteristic features (i.e., outside the dashed lines in Fig. 2.1B).  Thus, the signal from 

Sec14p-bound 5-doxyl-PC dominates the first-derivative EPR spectrum observed in CW 

experiments, thereby simplifying initial analyses of local spin-label dynamics. 
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Figure 2.1.  Room temperature X-band CW EPR spectra from 5-doxyl-PC:  (A) in a form of 
multilamellar lipid dispersion (field modulation amplitude 8G), (B, solid line) after mixing 

with 90μM of Sec14p in approximately 1:1 molar ratio.  Least squares fit of the spectrum (A) 
to a Lorentzian function is shown as a dashed line (B).  (C) Signal from 5-doxyl-PC 
incorporated into the Sec14p binding pocket obtained by the spectral subtraction. 

 

In time-domain experiments such as saturation recovery and echo-detected, field-

swept High Field (HF) EPR, little, if any, contribution from the liposomal 5-doxyl-PC is 

recorded because the latter spin species have much shorter electronic relaxation times.  

However, for accurate line shape analyses using the CW EPR spectra, the contribution from 

the remaining liposomal 5-doxyl-PC (dashed line) is subtracted from the experimental 

spectrum (Fig. 2.1B; solid line) yielding the Sec14p-bound 5-doxyl-PC spectrum (Fig. 2.1C).  

In this particular experiment, the fraction of liposomal 5-doxyl-PC molecules was determined 
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to be ca. 30% by double integration of the separated spectra.  Spectra for the 7, 10, 12, and 

16-doxyl-PCs in Sec14p bound form were corrected for the liposome background signal in a 

similar manner. 

 

2.3. Local Dynamics of Sec14p-Bound n-doxyl-PC 

2.3.1. Mobility and Rotational Anisotropy of n-doxyl-PC 

 

The spectra shown in figure 2.2 demonstrate that Sec14p loads with each n-doxyl-PC 

species and that the bound n-doxyl-PC becomes sequestered within the protein cavity.  In 

order to interpret these spectra, we must understand how the rotational dynamics of the 

nitroxide affect the EPR spectra. When the motion of the probe is fast enough, the 

Hamiltonian reduces to two parts, a stationary part Ĥ0, from which the positions of each peak 

can be calculated, and a time-dependent part Ĥ1 that may be neglected.  The stationary part 

depends upon the averaged, isotropic values of the g and A tensors, giso and Aiso, where: 
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For very fast motion of nitroxides, having rotational correlation times τc < 10-11 s, the spectra 

consist of three sharp lines of equal height separated by Aiso and centered at giso.  As the 

molecule’s motion slows down, while the fast motion condition is still satisfied, each of the 

 45



three lines broadens by different amounts, while the peak position remains constant.  This is 

due to the different spectral anisotropy associated with each of the nitrogen hyperfine 

transitions.  When the anisotropy is small, it is more easily averaged, and results in a narrow 

line.  When the anisotropy is larger, the associated line is broadened.  The central peak, for 

mI = 0, has the smallest anisotropy, and requires slower motion to broaden than does the high 

field peak, for mI = -1, which has the largest anisotropy, and broadens before the others.  

When the molecule slows down enough so that the rotational correlation time approaches 10-

9 s, i.e. when the fast motion condition breaks down, both the position and shape of the lines 

are distorted.  This is referred to as the change from the fast motional regime into the slow 

motional regime.  Analysis of spectra for a nitroxide in this motional regime becomes much 

more difficult, and computationally extensive.  Motion is anisotropic and too slow to be 

completely averaged; yet not slow enough to separate each component, which remains 

partially averaged.  As the rotational correlation time of the nitroxide approaches 10-7 s –10-6 

s, the very slow motional regime, rigid-limit or powder pattern spectra are observed.  As the 

motion of the nitroxide is frozen out, there is a statistical distribution of orientations with 

respect to the external magnetic field.  The powder pattern spectrum is the super-position of 

the individual spectra for each molecule that are dependent on the orientation of the fixed 

molecular axis to the magnetic field. 

As CW EPR spectra of spin-labeled phospholipids are sensitive to rotational motion 

of the nitroxide moiety, this method was used to investigate the flexibility of the n-doxyl-PC 

acyl chain within the Sec14p lipid-binding pocket.  None of the spectra for n-doxyl-PC bound 

to Sec14p can be described as simple Lorentzian lines, as they could in the fast motional 
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regime.  Due to the local motion, which is now highly anisotropic, and the overall tumbling 

of the Sec14p macromolecule, the motion is not slow enough to yield rigid-limit, or powder 

pattern spectra.  These facts make the slow motional regime, with 10-9 s ≤ τc ≤ 10-6 s, the 

most important in SDSL studies of biological macromolecules (Freed, J. H., 1976).  EPR 

spectra for each n-doxyl-PC lipid are in an intermediate-to-slow motional regime and 

anisotropic rotation of the nitroxide spin-label (Figure 2.2).  The absence of any abnormal 

broadening and/or substantial drop in intensity of these spectra is indicative of spin-spin 

interactions is consistent with a Sec14p molecule loading with a single n-doxyl-PC molecule. 
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Figure 2.2.  Room temperature X-band CW EPR spectra from Sec14p-bound n-doxyl-PC.   
Spectra are corrected for the background signal as shown on Figure 2.1 and intensity-

normalized using double integration. 
 

A particularly informative parameter of such spectra is the peak-to-peak width 

)0m(H Ipp =−Δ  of the central nitrogen hyperfine component (where mI = 0 is the nitrogen 

spin quantum number).  When tumbling of a spin label falls into an intermediate-to-slow 

motion regime, this width is approximately proportional to the rotational correlation time τc.  

In studies of local dynamics of protein side-chains, an inverse of this width )0m(H I
1

pp =−
−Δ , 

is typically reported as a “mobility” parameter (Mchaourab, et al., 1996).   This parameter 

reliably estimates mobility of spin-labeled amino-acid side-chains in proteins, and a smaller 
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mobility parameter indicates slower rotation and a longer rotational correlation time τc.  

Other useful parameters for characterizing rotational tumbling of a nitroxide are the effective 

hyperfine splitting constants Aout and Ain as defined in Figure 2.3.  Plot of the mobility 

parameter, )0m(H I
1

pp =−
−Δ , as well as Aout and Ain, all indicate a progressive increase in spin-

label local mobility as the nitroxide label is moved towards the headgroup-distal end of the 

sn-2 acyl chain (Fig. 2.3) as well as Aout
 and Ain, all indicate a progressive increase in spin 

label local mobility as the nitroxide label is moved toward the headgroup-distal end of the sn-

2 acyl chain from position C5 to C12. At position C16, however, motion of the label becomes 

more restricted, very much like at position C5.  
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Figure 2.3.  Empirical motional characteristics of nitroxide spin label as determined from 
room temperature T=22oC X-band CW EPR spectra of n-doxyl-PC bound to Sec14p as a 
function of the label position along the sn-2 acyl chain. A:  Aout; B: Ain ; and C: mobility 

parameter, )0m(H I
1

pp =−
−Δ . 

 

For Sec14p-bound n-doxyl-PC molecules with labels at positions C5 through C12 of 

the sn-2-acyl chain, we used the definition of McConnell and Hubbell to calculate the 

effective order parameter (Seff) to describe the anisotropy of spin-label motion (McConnel, & 

Hubbel, 1971; Jost, & Griffith, 1976): 
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where AII = Aout, i.e., a half of the outer hyperfine splitting, and A⊥ is calculated from Ain, half 

of the inner hyperfine splitting expressed in Gauss.  Schorn and Marsh (1997), modified the 

order parameter calculations for direct comparison to order parameters calculated from NMR 

spectra.  We have used their modified equations: 

( )85.0+=
⊥ AA in  for  45.0<Sapp              Eq. 4 

)1log(86.132.1 SAA appin −++=
⊥

 for   Eq. 5 45.0>Sapp

AAAS ininout

app Δ−= /)(      Eq. 6 

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

of the axial nitrogen hyperfine anisotropy as measured from rigid limit spectra (Bartucci, et 

al., 2003).  Although the values of ΔA and A0 vary by a few percent with position of the label 

along the sn-2 acyl chain of Sec14p-bound n-doxyl-PC, we found it convenient to fix A0 and 

ΔA for all n-doxyl-PC isomers to those values observed for 16-doxyl-PC (A0 = 14.9G and ΔA 

= 28.6G).  In doing so, we introduced less than 3% error into the Seff calculations.  Effective 

order parameters Seff calculated from room temperature X-band EPR spectra of Sec14p-

bound n-doxyl-PC are reported in Fig. 2.4 and are compared to Seff values measured for n-

doxyl-PC in either a fluid DMPC (dimyristoyl-PC) membrane bilayer environment (T = 

27oC) or in a crystalline bilayer environment (T = 5oC). 
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Figure 2.4.  Effective order parameters Seff calculated from X-band CW EPR spectra as a 
function of the label position: Filed circles: n-doxyl-PC bound to Sec14p (T=27 oC); open 

squares: Seff for n-doxyl-PC in fluid phase DMPC bilayers (T=27 oC) phase; open circles: Seff 
for n-doxyl-PC in DMPC bilayers in a crystalline phase (T=5 oC). 

 

The value of the order parameter is a quantitative description of molecular motion, 

which decreases as the rotational correlation times increase.  Substantial alterations in the 

label dynamic and order parameters are recorded as a function of where the spin-label is 

positioned along the sn-2 acyl chain.  Qualitative analyses of EPR spectra for Sec14p-bound 

5-doxyl-PC indicate a highly restricted “slow motional” regime that corresponds to τc ≈ 6 – 

10ns.  For this position, the mobility parameter is the lowest ( =−
−
1

ppHΔ 0.15G-1) while the 

order parameter is the highest (Seff = 0.72).  For 7-doxyl-PC, the mobility parameter increases 

to 0.22G-1 while Seff decreases to 0.66.  The outer hyperfine splitting Aout parameter decreases 

to 28G while Ain remains essentially the same.  Such changes indicate faster and less 

anisotropic local tumbling of the label that is consistent with an increased local flexibility of 

the sn-2 acyl chain at C7 relative to C5.  For 10-doxyl-PC, the mobility parameter remains 
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essentially the same, but Aout reduces to 25.15G and the order parameter decreases to Seff = 

0.56.  This indicates reduced anisotropy of motion.  For 12-doxyl-PC, the anisotropy of 

motion is diminished even further, and nitroxide tumbling becomes even faster as reported by 

the increased by the mobility parameter. Order parameters calculated for phospholipids in a 

DMPC bilayer show the same trend of increasing motion away from the polar head groups, 

but not the same magnitude.  Using the order parameters for DMPC membranes as a 

comparison, we can conclude that each position of PC bound by Sec14p is more restricted 

than the corresponding position in a bilayer.  Phospholipids in membrane bilayers are held 

together by cohesive forces between the acyl chains and by electrostatics between the polar 

head groups.  The interactions between these same positions and Sec14p are stronger, 

indicating that there is less rotational freedom due to stronger van der Waals interactions. 

These collective data indicate that the sn-2 acyl chain rotational flexibility increases 

with increased distance from the headgroup/backbone-proximal region of the Sec14p-bound 

PC molecule and support a model where Sec14p engages bound PC most tightly at the 

backbone-headgroup and backbone-proximal regions of the phospholipid molecule.  The data 

obtained for the series of n-doxyl-PC molecules where the nitroxide is positioned at and 

between C5 and C12 are consistent with this idea.  The spectrum for 16-doxyl-PC is defined by 

the outer peaks separated by Aout = 30.27 G and has an order parameter Seff = 0.71. Those 

values report a very strong immobilization of the nitroxide label and compare favorably with 

parameters measured for 5-doxyl-PC. The abrupt change in the mobility trend suggests that 

the tail of the lipid is stacked against the "floor" of the protein cavity. It is also possible that 
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Sec14p is capable of forming hydrogen bond contacts with the somewhat hydrophilic 

nitroxide group of 16-doxyl-PC.  

 

2.3.2. Potential Barrier for Spin-Label Motion 

 

Although a progressive increase in chain mobility in the direction from the lipid head 

to the tail is clear from the EPR spectra described above, variable temperature EPR 

experiments demonstrate the local motion of the Sec14p-bound PC sn-2 acyl chain remains 

highly restricted (Fig. 2.5).  At all temperatures, all X-band EPR spectra for n-doxyl-PC 

molecules labeled at positions C5, C7 and C10 report a single component.  Analyses of these 

spectra indicate a gradual decrease in the spectral anisotropy, and an increase in mobility 

parameter, ΔH-1
p-p, with increased temperature. 
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Figure 2.5.  Variable temperature intensity-normalized experimental 9.5GHz CW EPR 
spectra from 5-doxyl-PC bound to Sec14p.  Temperature is shown in Celsius, and is indicated 

next to each spectrum. 
 

The activation energies associated with these dynamic processes were calculated by 

plotting EPR spectral parameters as a function of temperature in the Arrhenius coordinates 

(Fig. 3.7).  For 5-doxyl- and 7-doxyl-PC molecules, the slopes of the linear regressions were 

essentially the same (-1.48 × 103 K-1 and -1.47 × 103 K-1 respectively) yielding an activation 

energy of Ea=12.3 kJ K-1mol-1.  For 10-doxyl-PC, however, the slope changes to -0.85 × 103 

K-1 (Ea=7.1 kJ K-1mol-1) indicating that the molecular interactions responsible for the binding 

interface between bound PC and Sec14p differ along the sn-2 acyl chain.  Specifically, the 
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effective potential barrier in the vicinity of the headgroup/backbone-proximal region of the 

Sec14p-bound PC is greater than for the distal regions of the sn-2 acyl chain. 

 

 

Figure 2.6.  Temperature dependence of the mobility parameter for n-doxyl-PC bound to 
Sec14p plotted in Arrhenius coordinates. Open circles: 5-doxyl-PC; filled circles: 7-doxyl-

PC; filled squares: 10-doxyl-PC.  Best fit to the linear regression is shown in dash lines. 
 

 

2.4. Determining Conformation of A10/T4 helix in Sec14p Bound PC Complex 

 

It is proposed that the polar head groups of bound phospholipids to Sec14p are 

situated near the protein’s membrane binding surface, completely surrounded by the 

hydrophobic pocket. To probe how the PC molecule is oriented within the Sec14p binding 

pocket, and determine the conformation of the A10/T4 helix, we measured the accessibility 

of the nitroxide spin-label in a series of Sec14p-bound n-doxyl-PC molecules to water-

soluble paramagnetic broadening reagent ethylenediamine- N, N’-diacetic acid (NiEDDA).   
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Analogous approaches have proven informative in determination of local protein 

folds and transmembrane protein structure (Isas, et al., 2002; Altenbach, et al., 2005; 

Hubbell, et al., 2003; Hubbel, et al., 2000; Perozo, (1) 2002; Perozo, et al., 1999; Han, et al., 

2001; Perozo, et al. (2), 2002; Merianos, et al., 2000), and for mapping structural elements of 

membrane and peripheral proteins (Hubbell, et al., 2003; Hubbel, et al., 2000).  Moreover, 

the accessibility parameters of protein side-chains measured by EPR agree well with those 

computed from crystal structures (Isas, et al., 2002; Altenbach, et al., 2005).   

In the X-ray crystal structure of Sec14p, the A10/T4 helix is in an open conformation, 

but we propose that it is closed when the protein is in the cytoplasm.  To confirm this 

hypothesis, we probe the accessibility of spin labeled sites on the phospholipid bound to 

Sec14, to a water-soluble paramagnetic broadening agent. 

Accessibility is proportional to the Heisenberg exchange frequency (Wex) of a 

nitroxide label with a broadening agent that is freely diffusing in a solution.  For the 

broadening agent employed, (NiEDDA), the electronic spin-lattice relaxation time is much 

shorter than that of a nitroxide, therefore the Heisenberg spin exchange is the predominant 

spin-spin interaction that affects both spin label electronic relaxation times (T1 and T2).   

The Heisenberg exchange frequency, Wex, experienced by the spin label is expressed 

as: 

Rexex CkW =      Eq. 7 

where kex is the rate constant of spin exchange and CR is the broadening agent (NiEDDA) 

concentration. 
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 In order for this interaction to be effective, a direct overlap of spin orbitals is 

required.  The frequency of these collisions is dependant on the diffusion coefficients (D) of 

the two paramagnetic species.  When the diffusion of the broadening agent is much faster 

than that of a spin label attached to larger molecules, such as proteins, the frequency is solely 

dependant on the diffusion of the broadening agent.  The Heisenberg exchange frequency, 

Wex, may then be expressed as: 

RRcex CDRfW ⋅⋅⋅⋅= π4    Eq. 8 

where RC is the radius of collision, CR is the concentration of reagent, f is a stearic factor, and 

DR is the diffusion constant for the reagent.  These accessibility measurements provide 

information about the complex structure of proteins can be gained.  If a spin labeled site is 

located in the interior of a protein, then the broadening agent will not come into close enough 

contact with the probe to effect it, because it is essentially shielded by protein residues. 

The spin-exchange interaction between a nitroxide and paramagnetic reagent leads to a 

shortening of both T1 and T2 relaxation times.  The T1 relaxation rate can be measured 

directly by pulse Saturation Recovery (SR) experiments.  T2 measurements for a spin label in 

the presence/absence of a broadening agent is proportional to the Lorentzian broadening 

between the CW EPR spectra caused by Heisenberg spin exchange. 
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2.4.1. Measuring NiEDDA Accessibility to Sec14p: Pulse Saturation EPR Analysis 

 

Initially, molecular accessibility of the sn-2 acyl chain of Sec14p-bound n-doxyl-PC 

was accessed in pulsed SR EPR experiments to measure spin-label electronic T1e directly in 

absence and presence of NiEDDA (50mM).  The amplitude of SR EPR signals observed for 

the central (mI=0) nitrogen hyperfine component in an absence (I) and the presence (Irelaxant) 

of a paramagnetic relaxant can be described as: 

( )tR eeAAI 11110
−−+=     Eq. 9 

( )tRrelaxant
erelaxant eAAI 11220

−−+=    Eq.10 

where R1e and are the corresponding electronic spin-lattice relaxation rates.  The 

difference in the relaxation rates R

relaxant
eR1

1e and  is proportional to the local concentration of 

the relaxant: 

relaxant
eR1

][11 NiEDDARRR e
relaxant

e χ=−=Δ     Eq. 11 

where the relaxivity constant χ is in turn proportional to the relative translational diffusion 

rate DR, which is the sum of translational diffusion rates of the spin-label and the relaxant 

(DSL and DR).  Other contributing factors are the efficiency, ρ, of a given collision to produce 

additional relaxation of the nitroxide spin and the collision radius CR: 

RR DC ⋅⋅⋅= ρπχ 4     Eq. 12 

 59



The difference in relaxation rates (ΔR) for a given relaxant is a time-domain analogue 

of the accessibility parameter Π derived from CW EPR experiments (Smirnova, et al., 1998; 

Robinson, et al., 1994). 

Under the experimental conditions employed herein, the rotational correlation time τc 

of the spin label falls within the 1 – 10ns range while the typical nuclear relaxation time for 

nitroxides is ca. 100ns (Robinson, et al., 1994).  Thus, recovery of the signal due to such fast 

processes is complete within EPR detection dead time and does not contribute to the SR EPR 

signal.  Similarly, n-doxyl-PC molecules remaining in an aggregated form (i.e. not associated 

with Sec14p), and therefore experiencing strong spin-spin interactions, exhibit electronic spin 

label relaxation rates that are much faster than those recorded for n-doxyl-PC molecules 

loaded into the Sec14p phospholipid binding cavity.  As a result, signals from these irrelevant 

sources do not contribute to the observed SR signal. 

For solvent-exposed nitroxide labels the exchange rate (Wex) with NiEDDA at a 

concentration of 50mM is expected to be Wex ≈ 105 s-1 while the electronic relaxation rate R1e 

≈ 106 s-1.  Therefore, for a single-component EPR spectrum, one expects to observe a mono-

exponential SR EPR signal.  Experimental SR curves recorded in the absence and presence 

of NiEDDA were fit with a single or a double exponential function.  Figure 2.7 shows the 

first 4μsec profile of a typical room-temperature SR EPR signal measured for air-equilibrated 

samples of Sec14p-bound 5-doxyl-PC with and without NiEDDA.  Since mechanisms of 

electronic relaxation through Heisenberg spin exchange for paramagnetic oxygen and 

NiEDDA are statistically independent and are not cross-correlated, the effect of oxygen is 

additive and included in R1e.  Both curves are well modeled by a single exponential function, 
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confirming that SR EPR signals from any aggregated 5-doxyl-PC still present in this sample 

are invisible in the pulse saturation EPR experiment.  SR EPR relaxation data are 

summarized in Table 2.1.  For Sec14p-bound 5-doxyl-PC, the electronic relaxation rates in 

the absence and presence of 50mM NiEDDA were very similar (1.10 ± 0.01 and 1.14 ± 0.02 

MHz, respectively).  These data indicate that the C5 position of the sn-2 acyl chain of 

Sec14p-bound 5-doxyl-PC is essentially inaccessible to NiEDDA.   
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Figure 2.7.  First 4 μs of saturation recovery signal from 5-doxyl-PC bound to Sec14p in the 
absence and in the presence of 50mM NiEDDA at T = 4°C.  Best fit to the single exponential 

growth is shown in solid line. 
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Table 2.1: Accessibility of lipid labeled sites as measured in Saturation Recovery EPR 
experiments: Concentration of NiEDDA in each experiment was 50mM unless otherwise 

specified.  The Π’ values are corrected Π values when viscosity is taken into consideration.  
ΔR1e and Πvalues for shielded and unshielded MTSL sites challenged with NiEDDA were 

reported elsewhere ((Pyka, et al., 2005; Nielson, et al, 2005)).  Accessibility of the each 
specified nitroxide spin-label is calculated as the ratio of Π /Π’ x 100%, as indicated. 

 

 R1e
0 R1e

R ΔR1e χ χ' 
Accessibility 

(χ/χ') 

 MHz MHz MHz MHz/mM MHZ/mM % 

5-doxyl-PC (Sec14p-bound) 1.10 1.14 0.04 0.0008  0.4 

16-doxyl-PC (Sec14p-bound) 0.41 1.78 1.37 0.027  13 

5-doxyl-SA (water/ethanol, 20mM 

NiEDDA) 
  3.0 0.15 0.22  

Shielded MTSSL site   0.08  0.0016  

Unshielded MTSSL site   0.4-0.6  0.13-0.22  

 
 

For 16-doxyl-PC, the relaxation rate has changed from R1e
 = 0.41 MHz in the absence 

of relaxant to  = 1.78 MHz, corresponding to an increase in the relaxation rate by ΔR 

= 1.37 MHz in presence of 50 mM NiEDDA (i.e., by 0.027 MHz/mM NiEDDA). 

relaxant
eR1

To evaluate to what degree binding to Sec14p shields n-doxyl-PC from collision with 

the hydrophilic NiEDDA complex, we measured the relaxivity parameter χ  for an 

unshielded (i.e., unbound) lipid.   To overcome problems posed by the insolubility of n-

doxyl-PC in water, we utilized 5-doxyl-stearic acid (5-doxyl-SA) dissolved in a 50/50 w/w % 

water-ethanol mixture as a reporter.  In the presence of 50 mM NiEDDA, χ was 0.067 
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MHz/mM. Corrections for the differences in relative translational diffusion rate of 5-doxyl-

SA and the relaxant were evaluated using a simple hydrodynamic model for D=kT/6Β0r, 

where 0 is the viscosity of the solution and r is the hydrodynamic radius of the molecule.  In 

these calculations, we assume the encounter partners are spherical in shape.  For spin-label 

bound to protein, the nitroxide translational diffusion coefficient becomes that of protein 

itself and is negligible compared to DR.  Thus, we can assume that (DSL+ DR) = DR in eq. 12. 

Collision distance CR remains the same, since NiEDDA and a nitroxide, but not the protein 

itself, are the colliding species.  For 5-doxyl-SA and NiEDDA, the hydrodynamic radii are 

taken to be approximately the same, resulting in (DSL+ DR) = 2 DR.  Assuming that the 

collision efficiency ρ does not vary with solvent, the relationship between the relaxivity χ’ 

observed for spin-labeled protein in an aqueous solution of viscosity 0’ and the relaxivity χ” 

for an unbound label in a water-ethanol mixture of viscosity 0” is χ’/χ” = 0”/20’.  Using 

viscosity of water at 5oC 0’ ≈ 1.518 cP and water-ethanol mixture ≈ 5.26 cP (Herschel, 

1917), the ratio χ’/χ” is estimated to be ca. 1.65.  Based on this calculation, we estimate the 

relaxivity for an unshielded doxyl label bound to protein to be 0.11 MHz/mM NiEDDA.    

The accessibility to the specific protein site is calculated as a ratio of the experimentally 

observed relaxivity to the relaxivity of the model unshielded site (0.11 MHz/mM NiEDDA).  

For Sec14p-bound 5-doxyl-PC, the relaxant accessibility is ca. 7 % while for 16-doxyl-PC it 

is ca. 24 %. 

Comparisons of the effects of NiEDDA on the electronic relaxation of Sec14p-bound 

n-doxyl-PC with those reported for unshielded, solvent-exposed labeled sites are informative.  
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For solvent-exposed side chains of water-soluble proteins labeled with 1-oxyl-2,2,5,5-

tetramethyl-3-pyrroline-3-methyl (MTSSL), ΔR is typically about 0.13-0.17 MHz/mM 

NiEDDA (Pyka, et al., 2005).   While the effectiveness of collisions between NiEDDA and 

the n-doxyl-PC spin-label could differ from collisions of NiEDDA with MTSSL, the largest χ 

value we observe (0.027 MHz/mM for 16-doxyl-PC) is still substantially lower than those 

measured for water-exposed protein residues.  Robinson and coworkers investigated the 

effects of NiEDDA on electronic relaxation of an MTSSL-labeled transmembrane WALP 

peptide incorporated into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers 

(Nielson, et al., 2005).  For a spin-labeled site located approximately 10Å from the center of 

the bilayer, χ was measured to be 0.0006 MHz⋅mM-1 while at a site positioned closer to the 

membrane surface (18Å from the bilayer center) χ was recorded at 0.0016 MHz⋅mM-1.  The 

χ = 0.0008 MHz⋅mM-1 value we measure for Sec14p-bound 5-doxyl-PC falls between these 

two values. 

Collectively, the ΔR value obtained for Sec14p-bound 5-doxyl-PC by pulse saturation 

EPR methods indicate C5 of the sn-2 acyl chain exhibits a solvent molecular inaccessibility 

comparable to that of a deeply buried protein site.  However, experiments with Sec14p-

bound 16-doxyl-PC reveal that ΔR for the C16 position of that acyl chain is measurably higher 

–suggesting C16 is a partially shielded site with a solvent accessibility ca. 24% that of an 

unshielded label. 
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2.4.2. Measuring NiEDDA Accessibility to Sec14p: Continuous Wave (CW) EPR 
Analysis 

 

To complement the SR EPR data, we employed CW EPR to evaluate accessibility of 

spin-label to NiEDDA in a series of n-doxyl-PC molecules loaded into Sec14p.  Collisions 

between a label and a paramagnetic relaxant shorten the nitroxide electronic T2 relaxation 

time.  This effect is observed as Lorentzian broadening that is uniform across the 

experimental CW EPR spectrum.  Detailed investigations of nitroxide-NiEDDA spin-spin 

interactions in solutions of various viscosities (σ) demonstrate that collisions are in a 

“strong” exchange limit, and that Lorentzian broadening induced by NiEDDA is a linear 

function of 1/σ up to NiEDDA concentrations of 100mM (Hubbell, et al., 2000).  The 

contribution to the line width from dipolar spin-spin interactions is negligible. 

In a control experiment, the Lorentzian broadening for 5-doxyl-SA (1 mM) in a 

water/ethanol solution was measured as a function of NiEDDA concentration. The relaxivity 

was determined to be 19 mG/mM. When corrected for viscosity of the water/methanol 

mixture and for the mutual diffusion coefficient (as discussed above for SR EPR 

experiments), the broadening for an unprotected protein site exposed to aqueous NiEDDA 

was calculated to be 27 mG/mM.   

The data collected from CW EPR measurements of the Lorentzian broadening in the 

presence and absence of NiEDDA (50mM) are summarized in Table 2.2.  Lorentzian 

broadening was extracted using a one-parameter convolution algorithm (Smirnov, & Belford, 

1995; Smirnov, et al., 1996).  The broadening was determined to be only 90 mG (measured 

as peak-to-peak) for Sec14p-bound 5-doxyl-PC and 10-doxyl-PC. This value is at the 
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detection limit of the experiment. This miniscule effect is consistent with the very low 

accessibility of the C5 position of the sn-2 acyl chain to NiEDDA as determined by the SR 

measurements described above. The broadening observed for 12 and 16-doxyl-PC is 100 and 

310 mG, respectively.  Figure 2.8 shows the result of the fit for 16-doxyl-PC. The absence of 

any substantial residual of the fits confirms that the shortening of the electronic relaxation 

time recorded by SR EPR upon NiEDDA challenge primarily reports exchange interactions 

rather than changes in the dynamics of Sec14p-bound n-doxyl-PC or significant 

conformational changes within Sec14p. Computer simulations of CW EPR spectra, which 

use only one fitting parameter, the oxygen-induced broadening, ( )L
ppB −Δδ  can measure the 

magnitude of the Lorentzian broadening.  The fitting procedure works by comparing the two 

spectra taken with and without paramagnetic broadening agent.  The un-broadened spectrum 

is directly included as an envelope function and is fitted onto the broadened spectrum, giving 

the one-line width parameter for the amount of broadening.  The method can be expressed 

by: 

∫
+∞

∞−

′′−′= BdBBmBFBF )()()( 0   Eq. 13 

where F0(B) is the spectrum without broadening agent, F(B) is the spectrum in the presence 

of broadening agent, m(B) is the homogenous or Lorentzian broadening. 
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Table 2.2: Accessibility of lipid-labeled sites as measured in X-band CW EPR 
experiments:  Concentration of NiEDDA is 50mM in all experiments.  δΔHp-p for 5-doxyl-

SA was measured in a water/EtOH solution (1:1, v/v).  This measurement represents a model 
"unshielded" nitroxide label.  The δΔH’p-p value corrected for viscosity of the water/ethanol 

solution is also given.  Accessibility of each specified nitroxide spin label is calculated as the 
ratio of  δΔHp-p /δΔH’p-p x 100%, as indicated.δΔH’p-p. 

 

 δ(ΔHp-p) δ(ΔHp-p) 

δ(ΔHp-p)' 

(corrected) 

Accessibility (δΔH/δΔH' x 

100%) 

 mG mG/mM mG/mM % 

5-doxyl-PC (Sec14p-bound) 90 1.8  6 

10-doxyl-PC (Sec14p-

bound) 90 1.8  6 

12-doxyl-PC (Sec14p-

bound) 100 2.0  7.4 

16-doxyl-PC (Sec14p-

bound) 310 6.2  23 

5-doxyl-SA (water/ethanol)  19 27  
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Figure 2.8.  Experimental 9.5 GHz CW EPR spectrum from 16-doxyl-PC bound to Sec14p in 
the presence of 50mM NiEDDA (trace A solid line), is superimposed with the result of the fit 

using Lorentzian broadening model (trace B, dashed line).  Residual of the fit (experiment-
fit) is shown as trace C.  

  

In summary, the CW line width broadening accessibility data are in qualitative 

agreement with the SR EPR data. Both methods characterize the C5 position of the sn-2 acyl 

chain of Sec14p-bound n-doxyl-PC as essentially inaccessible to hydrophilic NiEDDA and 

assign the C16 position of that acyl chain as a shielded, but partially accessible, site. The 

difference in the absolute numbers reported by SR EPR and CW measurements could be due 

to substantial inhomogeneity of the labeled sites. The CW line width broadening method is 

sensitive only to the states with relatively high accessibility. The SR method, especially when 

very high concentrations of a broadening agent are used, can report on highly protected 
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protein sites. We speculate that those two methods may be sensing conformational 

fluctuations of the Sec14p-PC complex in solution, and that a probe positioned at the end of 

the sn-2 acyl chain is especially sensitive to such fluctuations. 
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CHAPTER 3 

Local Polarity and Hydrogen Bonding Interactions inside the Sec14p Phospholipid-
Binding Cavity 

 

 

3.1.  Experimental Methods 

 

130 GHz High-field (HF) EPR spectra were acquired with a spectrometer constructed 

and installed in Argonne National Laboratory (Argonne, IL).  Field-swept echo-detected EPR 

spectra from spin labeled samples were recorded at T = 25 K using a two-pulse sequence.  

Typically, π/2 pulses of 50ns in length were separated by a 350ns delay and the repetition 

rate was set to 500Hz.  For detecting low-temperature rigid limit HF EPR spectra we 

employed an echo-detected field-swept mode over the conventional continuous wave scheme 

for several reasons.  First, the pulse detection scheme eliminates signals originating from 

spin-labeled n-doxyl-PC bilayers (i.e., phospholipids aggregated in a solution, not bound to 

Sec14p) because these molecules have much shorter phase memory T2 relaxation time due to 

strong magnetic interactions with the neighboring spins.  Secondly, low-temperature echo-

detected HF EPR spectra do not have microwave phase distortions allowing for more 

accurate line shape and g-factor analysis. 

Samples prepared for 130 GHz HF EPR were drawn by capillary action into clear 

fused quartz tubes (i.d.=0.5mm, o.d.=0.6mm; VitroCom, Mountain Lakes, NJ), and sealed 

with a Critoseal clay (purchased from Fisher Scientific, Hampton, NH) and loaded into a pre-

cooled cryostat at 25 K.  The temperature inside the HF EPR resonator was controlled by an 
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ITC-4 temperature controller coupled to a flow cryostat (all supplied by Oxfords Instruments, 

Concord, MA).   

220 GHz CW HF EPR spectra were recorded using a transmission mode spectrometer 

constructed and installed at the National High Magnetic Field Laboratory (NHMFL, 

Tallahassee, FL). The instrument was a transmission-type device in which waves are 

propagated in cylindrical light pipes (Hassan, et al., 2000). The microwave source was a 

Gunn oscillator operating at 110 ± 3 GHz.  The frequency was increased by a factor 2 by 

using a Schottky diode-based multiplier and appropriate high-pass filter. A superconducting 

magnet (Oxford Instruments, Concord, MA) capable of reaching a field of 17 T was 

employed.  Teflon sample caps were filled with 0.1 ml sample solutions and loaded directly 

into a flow cryostat pre-cooled to T = 100 K (supplied by Oxfords Instruments, Concord, 

MA). Spectra were recorded at frequency 224 GHz with a field modulation frequency 26.35 

KHz.  All spectra were recorded at a temperature of 5 K. 

Organic solvents for calibrating HF EPR spectra included methanol, ethanol, iso-propanol, 1-

propanol, 1-butanol, heptane, 2,2,2-triflouroethanol (TFE), tetrahydrofuran (THF), 

dichloromethane, acetic acid – all purchased from Sigma-Aldrich (St. Louis, MO) and 2-

methyl-tetrahydrofuran, purchased from Alfa Aesar (Ward Hill, MA).  All solvents were 

analytical grade or higher and were used as received.   Spin labeled stearic acids, n-doxyl-SA 

(n=5, 7, 10, 12, and 16) were purchased from TCI (Tokyo Chemical Industry America, 

Portland, OR), and methyl-5-doxyl-stearate spin label was purchased from Acros Organics 

(Geel, Belgium).   
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3.2.  Using High-Field (HF) EPR to Characterize Local Polarity 

 

There has been a substantial interest in utilizing High Field (HF) EPR to characterize 

local effects of polarity and hydrogen bonding in proteins and model phospholipid systems.  

Specifically, with the help of HF EPR it has been shown that two components of the 

nitroxide magnetic tensors, gxx, and Azz, are the sensitive to the local electrostatic effects and 

also to formation of hydrogen bonds (Ondar, et al., 1985; Kurad, et al., 2003; Wegener, et al., 

2001; Savitsky, et al., 2004).  At the most common frequency, 9.5 GHz, only Azz can be 

determined from rigid-limit spectra.  For spin labels in the fast motion regime, local polarity 

may be measured from the giso and Aiso values, which are the averages of the principle axis 

components of the g and A tensors (Kawamura, et al., 1967; Griffith, et al., 1974).  gxx and 

Azz are averaged into the isotropic values, along with the other principle axis components of 

the g and A tensor parameters, which are not effected by local polarity or hydrogen bonds.  

This makes measurement of polarity from giso and Aiso less precise.  Spectra must be taken at 

higher magnetic fields in order to resolve each of the individual components of the tensors.  

Since the Zeeman term is field dependent, the principle g-tensor components will be resolved 

at higher fields.  We have employed HF EPR above 3 Tesla in order to resolve the g-tensor 

principle components of spin labeled PC lipids bound inside Sec14p.  Figure 3.1 shows how 

the g-tensors become resolved in the high-field limit. 
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Figure 3.1.  Illustration of transformations of single crystal and powder average nitroxide 
ESR spectra from (A) X-band, 9.0 GHz to (B) W-band, 94.4 GHz.  The very top and the very 
bottom show experimental X- (A, top) and W-band (B, bottom) ESR spectra from a 0.05 mM  

solution of deuterated 2,2',6,6'-tetramethyl-4-piperidone-1-nitroxide (Tempone or PDT) in 
toluene-d8.  At the temperature of both experiments, 130 K, the spectra were approaching the 

rigid limit.  The middle section of the Figure shows theoretical ESR spectra of the same 
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nitroxide with the magnetic field B directed along the nitroxide principal axes x, y, and z as 
depicted by cartoons to the right of the X-band spectra.  Approximate positions of principal 
axis’ orientations of g-matrix and nitrogen hyperfine A-tensor are indicated by bars and the 

magnitudes of the A-components are given by arrows.  From: ESR Spectroscopy in 
Membrane Biophysics. Series: Biological Magnetic Resonance, Vol. 27. Hemminga, M. A., 

Berliner, L. (2005) 
 

Both gxx and Azz are linearly dependent on the π spin density of the oxygen of the N-O 

bond.  gxx also depends on the electronic properties of the label.  Orbital energy and 

hybridization of lone pair orbitals on oxygen affects gxx, making it sensitive to the polarity of 

the environment, as well as hydrogen bonding.  Hydrogen bonding has a substantial affect on 

the orbital energies, more so than the affect due solely to the dielectric constant of the 

solvent.  Previous studies have shown that the correlation between gxx and Azz then leads to 

two different straight lines, one for aprotic solvents and the other for protic solvents. 

In 1994, Earle, et al, published rigid-limit 250 GHz spectra of n-doxyl PC (n= 5, 7, 

10, 12, and 16) in pure dispersions of DPPC and in DPPC containing gramicidin A.  The 

enhanced Zeeman resolution at this field allowed the g-tensors of the probe to be studied as a 

function of label position.  They found that as the spin-label is displaced from the polar head, 

Azz decreases and gxx increases.  Near the polar head, water molecules are able to penetrate 

into the bilayer, creating a relatively polar environment.  As you go down the acyl chain 

towards the bilayer center, the environment becomes non-polar, as reflected by the Azz and 

gxx parameters.  However, when in the presence of the peptide, gramicidin A, only a small 

dependence of Azz and gxx on the label position was observed.  These magnetic parameters 

were characteristic of polar environments, perhaps from an increase of water molecules due 

to the influence of gramicidin A (Earle, et al., 1994). 
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Site-directed spin labeling and HF EPR experiments carried out on the protein, 

bacteriorhodopsin, have characterized the functional properties of its ion channel (Steinhoff, 

et al., 2000).  W-band (95 GHz) EPR showed that the local polarity of spin-labeled sites 

changes with position inside the ion channel, and in protein conformation.  The variation in 

gxx due to changes in polarity of the spin-labels local environment distinguishes between 

solvent exposed and hydrophobic interior residues.  The correlation between gxx and Azz is 

also informative about each spin-label’s local environment.  This relationship allowed for the 

grouping of different label positions in bacteriorhodopsin, associated with exposure to either 

the polar environment at the bilayer surface and ion channel, or the hydrophobic exterior of 

the protein that is in contact with the phospholipid acyl chains.  The information gained from 

these studies lead to conclusions about how protons are transported through the ion channel 

of bacteriorhodopsin, especially with the discovery of a hydrogen bond network inside the 

channel. 

This same group of authors conducted a quantum mechanical molecular orbital study 

in order to further explain the results of their HF EPR bacteriorhodopsin experiments.  Their 

goal was to quantitatively describe the relationship between gxx and Azz for the nitroxide in 

different microenvironments of the protein.  Both the interaction between label and the 

polarity of the solvent, and hydrogen bond formation were covered in the study.  In addition, 

the idea of “polarity induced strain” was also investigated (Plato, et al., 2002).  That is, the 

spin label undergoes changes in structure due to electrostatic fields present in its local 

environment.  This idea is important, because the relationship of gxx and Azz would change 
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due to change in structure, and would not fall on the theoretical gxx and Azz line for labels in 

different solvents. 

The MO calculations used by Plato, et al., in their study were PM3, INDO, or 

ZINDO/S, and were thought to provide a semi quantitative understanding of the solvent 

effects on spin labels (Plato, et al., 2002).  For the case of purely solvent polarity effects, a 

single parameter, average local electric field within the N-O bond, was used.  This was done 

in order to avoid extensive calculations involving the permanent and induced dipoles, as well 

as dispersion forces.  It was previously shown from first-order perturbation theory that the π 

spin density on nitrogen increases with increasing electric field directed along the N-O bond 

(x-direction) (Griffith, et al., 1974).  The orientational selectivity of the electric field effect 

was attributed to the permanent dipole that exists in the same direction of the N-O bond.  It is 

this concept that allows the use of a single average local electric field parameter.  For the 

hydrogen bonding case, effect of one water molecule bound to the oxygen of the nitroxide 

was investigated.  The PM3 method was employed to optimize the geometry of the hydrogen 

bond, at different values of the applied local electric field.  This was done because the effect 

of hydrogen bonding is additive to the existing effect of the solvent.  In this approach, the 

geometry of the two molecules is optimized based on the local environment created by the 

applied field. 

Another HF EPR study in combination with quantum chemical calculations was 

conducted by Owenius, et al, in order to investigate the dependence of a spin labels A and g-

tensor parameters on solvent polarity (Owenius, et al., 2001).  Published in 2001, results 

were as expected; Azz-values increased and gxx-values decreased with increasing polarity of 
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the solvent.  For their study, MTSSL, a common spin label for protein studies, was dissolved 

in various protic and aprotic solvents, and rigid-limit spectra were collected at 95-GHz.  

Plotting the experimental values for the shifts in gxx and Azz against the dielectric constant of 

the solvent allows for a quantitative analysis of these parameter shifts.  It was shown that for 

the aprotic solvents and long chain alcohols (ε<25), the shift in Azz was proportional to the 

increased dielectric constant.  However, for more polar, protic solvents, the Azz shift is more 

dependent on the proticity of the solvent, rather than purely dielectric constant.  In order to 

explain the complicated nature of the effect due to hydrogen bonding in protic solvents, DFT 

calculations were performed.  It was again shown that the hydrogen bonding effect is 

additive to the polarity effect of the local environment, which in this case is the dielectric 

constant of the solvent.  The computational data, while not completely conclusive, suggested 

that methanol could form an average of one hydrogen bond to MTSSL and that water could 

form an average of 2 hydrogen bonds.  Again, these computational results serve only as 

predictions, and the number of hydrogen bonds formed by water to a nitroxide is still 

debated.  However, the correlation between gxx and Azz, and the polarity of the local 

environment, seen again in the experimental data, can be used to answer questions about 

spin-labeled proteins and other macromolecules.  The results obtained by Owenius, et al., 

were compared to the HF EPR study of bacteriorhodopsin, which also used the same spin 

label, MTSSL.  Azz was reported to vary from 35.0 to 36.7 G, from inside the proton channel 

to a position on the extra cellular surface.  These results were compared to those of pure 

solvents, and it appears that the local environment of the cytoplasm region of the channel is 

similar to that of ethanol, having an ε of 20-25 with some hydrogen bonding effect.  The 
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local environment at the site on the extra cellular surface appears to be similar to water.  This 

shows that the probe is in fact exposed to the aqueous buffer.  More interesting, is the Azz and 

gxx shift between the two sites.  Azz has only a small change as the density of water increases, 

while gxx is reported to decease by 0.00035 between the two sites.  The same shift in gxx was 

found between pure water and ethanol, indicating that the solvents nicely mimic similar 

environments in the protein (Owenius, et al., 2001). 

 

3.3.  HF EPR Spectra of Sec14p-Bound n-doxyl-PC 

 

The local polarity within the Sec14p phospholipid-binding pocket was evaluated by 

measuring both the electronic g-matrix and nitrogen hyperfine coupling tensor A parameters 

of Sec14p-bound n-doxyl-PC species.  High spectral resolution achieved by HF EPR permits 

very accurate determination of electronic g-matrix components from the powder pattern 

spectra and evaluation of polarity and hydrogen bond effects in a variety of biological 

systems (Kawamura, et al., 1967; Gullá, et al., 2001; Ding, et al., 2001; Steinhoff, et al., 

2000; Earle, et al., 1994; Owenius, et al., 2001; Plato, et al., 2002).  Utilization of HF EPR, 

which has an enhanced Zeeman resolution in rigid-limit spectra, leads to an accurate 

determination of each principle g-tensor component, and its variation due to local 

microenvironment conditions.  Higher magnetic fields lead to increased sensitivity to 

changes in g-tensor parameters, resulting from differences in solvent polarity and electronic 

structure of spin labels.  A 130 GHz EPR spectrometer located at Argonne National 

Laboratory was utilized in this study. 
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Figure 3.2 depicts a series of 130 GHz echo-detected rigid limit spectra of Sec14p-

bound n-doxyl-PC, and illustrates the sensitivity of 130 GHz EPR spectra to polarity effects. 

The spectra are aligned assuming that the value of gz is the same for all spectra and is equal 

to that of a free electron (gzz=2.002319).  Systematic changes in spectral line shape, primarily 

at the magnetic field positions corresponding to the x-component of the electronic g matrix 

(low-field) and in nitrogen hyperfine splitting of the z-component, are clearly observed as a 

function of position of the nitroxide label along the PC acyl chain.  As the nitroxide label is 

moved from position C5 to C12 of the sn-2 acyl chain, this component progressively shifts to 

a lower field.  This corresponds to an increase in the magnitude of gx.  At position 16, the 

trend is reversed, and the gx component shifts to a higher field position than for position 5. 

The z-component of the nitrogen hyperfine coupling tensor, Az, was measured directly from a 

characteristic splitting in the high field region of the spectra.  The values for Az recorded for 

Sec14p-bound 5-doxyl- and 7-doxyl-PC were found to be equivalent (Azz= 34.7 ± 0.25 G).  

These data report a similar polarity of the microenvironment at the positions C5 and C7 of 

the PC sn-2 acyl chain within the Sec14p binding cavity. Values for Az decrease measurably 

for Sec14p-bound 10-doxyl-PC  (Az= 33.85 ± 0.25 G) and 12-doxyl-PC equivalent (Az= 34.15 

± 0.25 G) indicating decrease in local polarity of the spin label environment within the 

Sec14p binding cavity as the nitroxide is moved ever further towards the headgroup-distal 

end of the sn-2 acyl chain.  For 16-doxyl-PC a sharp increase in Az to 35.17 ± 0.25 G was 

measured.  Figure 3.3 shows the gx component of electronic g-matrix for Sec14p-bound n-

doxyl-PC as a function of the position of the spin-label along the sn-2 acyl chain.    

Systematic shift in the x-component to lower field/higher g-factor is clearly observed as the 
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spin-label is positioned along the sn-2 acyl chain from C5 towards C16.  The direction of the 

shift corresponds to a transition from a polar and more protic environment at C5 to one that is 

less polar and more aprotic at C16.  Once again, this is in outstanding agreement with our 

conclusions reached from measurements of the nitrogen hyperfine coupling component Az.   

On the other hand, the gy component was insensitive to spin-label position.  This is consistent 

with both theoretical and experimental considerations that the y- component of electronic g-

matrix is much less affected by solvent polarity than is the x-component (Wegener, et al., 

2001; Gulla & Budil, 2001; Ding, et al., 2001). 

 

 

Figure 3.2.  Rigid limit 130GHz echo-detected EPR spectra from n-doxyl-PC bound to 
Sec14p at T = 25 K. 
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Figure 3.3.  Dependence of the gxx component on spin-label chain position (n) for n-doxyl-
PC bound to Sec14p as measured from 130GHz echo-detected EPR spectra.  For purposes of 
calibration, the arrows show the gx component for n-doxyl-PC dispersed in hexane (A) and in 

methanol (B). 
 

As the nitroxide label is moved from position C5 to C16 of the sn-2 acyl chain, both 

the position and the shape of the gx tensor undergo noticeable changes.  First, the magnetic 

field position of the maximum of spectral amplitude is different for each label position.  

Second, the shape of the x-component is also affected.  One may speculate that while the gx 

components of the rigid limit spectra from 5-, 7-, and 16-doxyl-PC appear as single peaks, the 

spectra from 10- and 12-doxyl-PC may be interpreted as a presence of two unresolved 

components with varied relative intensities.  The nature of these line shape changes was 

further investigated by carrying out calibration experiments with a series of pure solvents. 

 

 

 

 83



3.4.  HF EPR Calibration of Solvent Effect on Magnetic Tensors 

3.4.1. Spin-Labeled Stearic Acid (n-doxyl-SA) and Methyl Stearate as a Mimic for n-
doxyl-PC 

 

Since the protein residues of Sec14p create a more complex environment than exists 

in homogenous phospholipid bilayers, we need to study a variety of systems, each with 

different polarities and ability to hydrogen bond, in order to interpret the results of this 

experiment.  Typically, a series of protic and aprotic solvents of different polarity is 

employed for calibration of nitroxide magnetic parameters for solvent effects.  Such a 

calibration cannot be carried out for spin-labeled lipids because of very limited solubility of 

these molecules in polar solvents.   

Other structurally similar doxyl-containing spin probes include n-doxyl-stearic acids 

(n-doxyl-SA) and methyl-n-doxyl-stearates exhibit  better solubility in most solvents.   

Stearic acid is a fatty acid molecule that has a carboxyl group attached to a sixteen-carbon 

acyl chain.  This chain is structurally identical to the sn-2 chain on PC lipids, and the same 

nitroxide moiety, doxyl, which was used to spin label PC lipids, is attached to the chain of 

stearic acid in the same manner, and is abbreviated: n-doxyl SA (n = 5, 7, 12, and 16).  

Methyl-5-doxyl-stearate was also utilized in this experiment, specifically as a reference to 

determine if the doxyl moiety forms hydrogen bonds with the carbonyl group on n-doxyl-SA. 

 In order to determine if this spin probe serves as a good model for the n-doxyl PC 

spin label, gxx and Azz parameters for each n-doxyl-SA, in the same solvent, ethanol, were 

measured from 130 GHz HF EPR spectra (Figure 3.4).  These spectra also appear to have 

two overlapping gxx components.  Figure 3.5 shows the results of the two-component fits for 
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each position.  In figure 3.6, measured values for gxx are plotted vs. Azz for all n-doxyl-SA 

molecules in ethanol.  There was no change in either tensor upon varying the position of the 

label along the acyl chain (i.e., different n).  This means that the local environment of each 

position is the same in ethanol, even though some positions are closer to the carboxyl group 

than others.  While the polarity is the same at each position, even for the hydrogen-bonded 

species, a 130 GHz spectrum for methyl-5-doxyl-stearate in ethanol was recorded and used to 

determine if the doxyl moiety on n-doxyl-SA forms hydrogen bonds with the carbonyl group.  

The spectrum (not shown) contains two overlapping peaks in the gx region, and the values for 

gxx and. Azz are the same as those measured for the n-doxyl-SA spectra.  Since methyl-5-

doxyl-stearate does not contain a carbonyl group, the only hydrogen bonds formed are with 

the solvent. These results tell us that the electronic structure of the spin label moiety is 

independent of its position on the acyl chain.  Thus, we conclude that long-range 

substitutions do not affect the nitroxide magnetic parameters.  Because the nitroxide moiety 

is attached to the acyl chain of n-doxyl SA in the same way it is attached to n-doxyl PC, the 

effect of local polarity and hydrogen bonding on the g and A tensor parameters will be the 

same.   
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Figure 3.4.  130 GHz. echo-detected EPR spectra of n-doxyl SA (n = 5, 7, 12, 16) in ethanol.   
T = 25 K. 
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Figure 3.5.  2-component fitting results for the gxx-region of rigid-limit 130-GHz spectra of 
n-doxyl SA in ethanol. 
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Figure 3.6.  Shift in gxx vs. Azz for each n-doxyl-SA in ethanol. 
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3.4.2. Analysis of n-doxyl-SA HF EPR Spectra 

 

Figure 3.7 shows echo-detected rigid-limit 130 GHz EPR spectra from 5-doxyl-SA 

dissolved in a series of protic and aprotic solvents.  Protic solvents used include ethanol, 

triflouroethanol, isopropanol, methanol, butanol, and acetic acid.  The aprotic solvents 

include toluene, tetrahydrofuran, 2-methyl tetrahydrofuran, heptane, and dichloromethane. 

Spectra from aprotic solvents THF, 2-methyl-THF, toluene and heptane appear as a single 

component.  By contrast, most other spectra obtained for 5-doxyl-SA in protic solvents 

clearly show an additional spitting in the gx region, indicating the presence of at least two 

spectral components.  The only protic solvent exhibiting a single component is TFE, the 

solvent of the highest polarity and the strongest hydrogen bond donor in the series of solvents 

studied.  To confirm that the splitting observed in the gx region is indeed a superposition of 

two components with different g-factors, we obtained better-resolved rigid-limit spectra from 

5-doxyl-SA at 220 GHz in selected solvents, including THF, 1-propanol and iso-propanol 

(Figure 3.8).  Again, a single-component 220 GHz spectrum was observed in THF.  For two 

other solvents the two-component spectra become better resolved at 220 GHz confirming our 

initial interpretation of the 130 GHz spectra.  Note that only the gx component exhibited 

additional splitting and no extra splitting was detected in the gy and gz components; an 

expected result on the basis of the lower sensitivity of the latter parameters to solvent effects.  

Unfortunately, the gain in spectral resolution obtained at 220 GHz was accompanied by a 

loss in sensitivity: we have failed to obtain spectra from n-doxyl-PC – Sec14p complexes at 
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this EPR frequency.  Thus, we utilized high resolution EPR at 220 GHz primarily for 

confirming two-component assignments and calibration of solvent effects on gx. 

 

 

Figure 3.7. Echo-detected rigid limit 130-GHz EPR spectra from 5-doxyl-SA dissolved in a 
series of protic and aprotic solvents of various polarities at T = 25 K. 
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Figure 3.8. Rigid limit 220-GHz EPR spectra from 5-doxyl-SA dissolved in a series of protic 
and aprotic solvents at T = 5 K. 

 

 

3.4.2.1. Affect of Hydrogen-Boding on Magnetic Tensors 

 

All spectra in aprotic solvents exhibited only a low field gx component while spectra 

collected in the presence of alcohols that are strong hydrogen bond donors yielded two 

component spectra.  Consequently, there is a strong correlation between the appearances of 

the higher field component in the gx region with ability of solvents to form a hydrogen bond.  

On this basis, HF EPR spectra exhibiting multiple components in the gx region were assigned 

as follows.  The component characterized by a higher gx, noted as gx(0), was assigned to 

nitroxides that are not engaged in hydrogen bonds with solvent molecules.  Reciprocally, the 

component with a lower gx, noted as gx(1), was assigned to nitroxide engaged in a single 

hydrogen bond (shown in figure 3.7).  In order to demonstrate that formation of the hydrogen 
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bond is a result of nitroxide-solvent interaction and not a formation of intra-molecular 

hydrogen bond between nitroxide and carboxyl groups we have obtained 220 GHz EPR 

spectra from n-doxyl-(methyl)ether in ethanol.  For each compound a two-component 

spectrum was observed with gx(0) and gx(1) equal to those measured for 5-doxyl-SA in 

ethanol. 

 

3.4.2.2. Modeling of n-doxyl-SA HF EPR Spectra 

 

Spectra from 5-doxyl-SA in all aprotic solvents and in the strongest protic solvent 

TFE were least squares fitted with a single component powder pattern model.  For two 

component spectra, all nitroxide magnetic parameters were set to be the same with the 

exception of gx.  An example of the two-component fit for a 130 GHz EPR spectrum from 5-

doxyl-SA in butanol is shown in Figure 3.9.  Although the simulations produced a 

satisfactory overall fit, in some cases the rigid-limit model failed to faithfully reproduce the 

relative intensities of the spectral components.  Figure 3.6 shows that the powder pattern 

model does not reliably fit the intensities of the two gx components.  This is not unexpected 

as the relative intensities of principle axis components of echo-detected EPR spectra could 

deviate from normal powder pattern as a result of anisotropic electronic relaxation effects. 
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Figure 3.9. Echo-detected 130-GHz EPR spectrum from 5-doxyl-SA in butanol at T = 25 K 
is superimposed with the result of the fit using the powder pattern model assuming two 

components. For the two component spectra all nitroxide magnetic parameters were set to be 
the same with the exception of gx. 

 

To circumvent uncertainties introduced by anisotropic electronic relaxation effects, 

only the gx region of the 5-doxyl-SA HF EPR spectra was simulated.  Furthermore, the 

simulations of gx(0) and gx(1) components were simplified by modeling this spectral region 

as a superposition of two Voigt functions (a convolution of Lorentzian and Gaussian 

functions).  The position, intensity, and line width of each of the components were adjusted 

during the fitting.  An example of such a fit is shown in Figure 3.10 for the 5-doxyl-SA 

spectrum in iso-propanol.  This empirical fitting approach was verified by simulation of a 

modeled powder pattern spectrum.  The correlation between 5-doxyl-SA EPR parameters - 

gx(0), or gx(1), and Az - in diverse solvents is shown in Figure 3.11.  Those data demonstrate 

that gx(0), g-factor of the component corresponding to non-hydrogen bonded nitroxide 

radical in protic solvents, is essentially the same as gx for a single-component EPR spectra 

observed in aprotic solvents.  This observation further confirms our initial assignment.  

Those data further show that gx(0) has very weak correlation with Az (the slope δgxx/δAzz ≈ -
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1.7×10-5 G-1).  For the spectral component assigned to a nitroxide forming a single hydrogen 

bond, gx(1), the slope δgx(1)/ δAz is somewhat higher (≈-8×10-5 G-1).  It is interesting to note 

that the slope δgx/δAz for the hydrogen bonded and non-hydrogen bonded components 

measured here experimentally are smaller than the respective slopes predicted for the limiting 

protic case (fully hydrogen bonded MTSL label) and the limiting aprotic cases (various spin-

labeled positions in bacteriorhodopsin) (Plato, et al., 2002).  We speculate that some of these 

deviations could be attributed to differences in nitroxide structure. 

 

 

 
Figure 3.10. Low-field region of echo-detected 130-GHz EPR spectrum from 5-doxyl-SA in 

iso-propanol (solid line) is superimposed with simulated spectra (Voight function) 
corresponding to nonhydrogen-bonded (dash-dot line) and hydrogen-bonded (dash line) 

components. Residual, the difference between the experimental spectrum and the two 
simulated components is shown at the bottom as a solid line. 
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Figure 3.11.  Correlation between doxyl spin label magnetic parameters, gx versus Az, 
measured from 130-GHz echo-detected rigid limit EPR spectra at 25 K. Results of calibration 

experiments for 5-doxyl-SA in isotropic solvents are shown by circles. Squares represent 
parameters for n-doxyl-PC bound to Sec14p: (a) 5-doxyl-PC, (b) 7-doxyl-PC, (c) 10-doxyl-
PC, (d) 12-doxyl-PC, and (e) 16-doxyl-PC. Solid symbols correspond to a hydrogen-bonded 

spectral component, and open symbols represent the nonhydrogen-bonded component. 
Triangles represent parameters for 5-doxyl-PC in iso-propanol. Solvents used in the 

experiment are 1), heptane, 2,) THF, 3), 2-methyl-THF, 4), toluene, 5), n-butanol, 6), iso-
propanol, 7), ethanol, 8), methanol, 9), acetic acid, and 10), TFE. 

 

From our calibration measurements, the difference between gx(1) and gx(0), Δgx, 

varies from 6.0×10-4 to 6.6×10-4  depending upon solvent.  This g-factor shift reflects 

formation of a single hydrogen bond between the oxygen atom of doxyl radical and the HO 

group of solvent molecules.  This is larger than Δgxx≈4×10-4 predicted previously for another 

nitroxide MTSL from semi-empirical calculations (Plato, et al., 2002).  The magnitude of Δgx 

measured in course of calibration experiments presented here is, however, in excellent 

agreement with other published data for the doxyl label.  Indeed, the shift in average gx for n-

doxyl-PC between the outer and inner regions of lipid bilayer measured with lower resolution 

at 94 GHz was found to be 6.4×10-4 or 6.2×10-4 for DMPC bilayers containing 5 or 40 mol% 
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cholesterol respectively (Kurad, et al., 2003).  Such a shift was attributed to the effect of 

water molecules present in the interfacial, but not in the hydrocarbon regions of the bilayer 

(Kurad, et al., 2003).  Our calibration data demonstrate that Δgx observed in the latter 

phospholipid bilayer experiments is almost entirely due hydrogen bonding effects with 

solvent molecules that, in case of hydrated phospholipid bilayers, could only be water. 

Overall, the calibration experiments presented here indicate that increased g-factor 

resolution at magnetic fields corresponding to 130 GHz and higher resolve EPR signals 

arising from hydrogen-bonded and non-hydrogen bonded nitroxide species that co-exist in 

protic solvents.  We also conclude that hydrogen bond formation manifests itself primarily as 

a shift in the gx component.   The gx of the hydrogen-bonded component decreases in protic 

solvents that are strong hydrogen bond donors (i.e. TFE).  However, the slope δgx(1)/ δAz is 

smaller than what other studies using structurally distinct nitroxide-labeled probes would 

predict. 

Although spectral components corresponding to nitroxides in the presence and 

absence of hydrogen bond interactions are at least partially resolved in the gx region, the 

spectral features corresponding to Az overlap completely.  This overlap prevents 

unambiguous determination of the magnitudes of the Az(0) and Az(1) components.  

Experimentally determined Az values therefore represent some averaged form of Az(0) and 

Az(1).  We have to be, however, very careful interpreting such “averaged” values.  Narrower 

line widths of one of the overlapping signals would result in larger peak amplitude, and this 

feature would therefore dominate the fitting procedure.  In such case fitting procedure would 

report on the narrow component almost exclusively, even if spectrum contains equal 
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contribution of two species.   Thus, it is anticipated that two solvent effects - formation of 

hydrogen bond and polarizing field of surrounding polar molecules – contribute to 

experimentally observed Az. 

 

3.5. Polarity and Hydrogen-Bonding Profile within Sec14p Binding Cavity 

3.5.1. Modeling of HF EPR Spectra of Sec14p-Bound n-doxyl-PC 

 

Solvent calibration experiments for n-doxyl-SA in a series of protic and aprotic 

solvents indicated that the main effect on gx arises from formation of a hydrogen bond and 

that gx\x(0) and gx(1) assigned to each of the component exhibit very little solvent 

dependence.  Based on this observation, we simulated unresolved 130 GHz echo-detected 

EPR spectra from n-doxyl-PC – Sec14p complexes as a superposition of two Voigt functions.  

In Figure 3.12 we depict a low field region of an experimental EPR spectrum from 7-doxyl-

PC superimposed with simulated spectra corresponding to non-hydrogen bounded 

component (dash-dot line) and hydrogen-bonded component (dash line).  The residual 

between the experimental spectrum and the two simulated components is shown at the 

bottom as a solid line.  This model fits experimental spectra for all positions n-doxyl-PC 

bound to Sec14p exceptionally well.  The magnetic parameters measured for each n-doxyl-

PC 130 GHz HF EPR spectrum are listed in Table 3.1.   
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Figure 3.12.  Low-field region of echo-detected 130-GHz EPR spectrum from 10-doxyl-PC 
bound to Sec14p superimposed with simulated spectra (Voigt function) corresponding to 
nonhydrogen-bonded component (dash-dot line) and hydrogen-bonded component (dash 

line). Residual, the difference between experimental spectrum and two simulated 
components, is shown at the bottom as a solid line. 

 

Table 3.1.  Magnetic parameters of n-doxyl-PC-Sec14p complexes as measured by 130-GHz 
EPR at T = 25 K. 

 
n gx(0) gx(1) Az, G 
5 2.00940 0.00004 2.00892 0.00004 34.70 0.25 
7 2.00940 0.00004 2.00892 0.00004 34.70 0.25 

10 2.00941 0.00004 2.00894 0.00004 33.85 0.25 
12 2.00944 0.00004 2.00893 0.00004 34.15 0.25 
16  2.00880 0.00004 35.17 0.25 

 

 

3.5.2. Comparison of Local Polarity between Sec14p Binding-Cavity and Membrane 
Bilayer 

 
 

Magnetic parameters for both components are shown in Figure 3.11 as open squares 

for gx(0) (non-hydrogen-bonded) component and as filled squares for gx(1) (hydrogen-

bonded) component.  The g-factor anisotropy, measured as (gx(0) – gz,e), was equal to 

7.07×10-3 for the position 5.  This value increased slightly along the chain reaching 7.12×10-3 
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for the position 16.  Such a variation is within the accuracy of our experiment (ca. 4×10-5).  

The gx of the second peak is also almost constant for the labels attached at positions 5, 7, 10 

and 12 with (gx(1) –g zz,e) varying within the experimental error from 6.58×10-3 to 6.61×10-3.  

For the position 16, however, the (gxx(1) – gzz,e) was determined to be 6.48×10-3, a value 

significantly lower than for all other positions. 

Experimental data suggest that for all spin-labeled lipids bound to Sec14p, the doxyl 

moiety exists in two forms: one that engages in hydrogen-bonds and one that does not.  The 

magnitude of the gx component for non-hydrogen bonded label in protein is close to that 

observed for n-doxyl-SA solubilized in aprotic solvents such as heptane.  The gx of the 

hydrogen-bonded component, however, deviates measurably from the values of gx(1) 

established in our calibration experiments for n-doxyl-SA incorporated into protic solvents. 

  In order to account for this observation, we consider possible hydrogen bond donors 

available within the Sec14p phospholipids binding cavity itself.  The hydrogen bond could be 

formed between the nitroxide and water molecules. In that regard, the apo-Sec14p crystal 

structure reports a dehydrated phospholipid-binding pocket (Sha, et al., 1998).  One 

possibility is that water molecules are dragged into the overall lipophilic environment of the 

protein cavity, and then become associated with polar protein residues. Alternatively, we can 

consider the interaction of the nitroxide label with protein side chains, or the Sec14p protein 

backbone itself.  In either case, the geometry of the hydrogen bond may be distorted because 

of stearic restrictions on mutual orientations.  We posit that one of the results of such a 

restriction would be an energetically less favorable geometry of the hydrogen bond compared 

with the hydrogen bond formed between the free label and molecules in an isotropic solvent.  
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This would result in a weaker hydrogen bond; i.e. one that should yield a smaller shift in Δgx 

when compared with a stronger hydrogen bond formed in an isotropic solvent.  We 

hypothesize that the doxyl label at positions C5, C7, C10 and C12 forms a hydrogen bond that 

experiences some form of a stearic restriction and, as a result, the gxx(1) value observed for 

the nitroxide at those position is higher than one observed in protic solvents. This suggestion 

is supported by theoretical calculations (Plato, M., 2002) showing that displacement of N-O 

bond out of C-N-C plane of nitroxide radical results in smaller values of gxx component of the 

g-tensor.  It is interesting to note here that the line width of the hydrogen-bonded component 

for all the positions of doxyl moiety along the lipid chain is broader than for the spectral 

component arising from non-hydrogen bonded label.  This could be a consequence of 

unresolved hyperfine interaction with bond-forming hydrogen atom or could indicate a more 

heterogeneous microenvironment of the nitroxide label in the hydrogen-bonded state.  At the 

position 16, however, the gx(1) value is very close to one observed in alcohols.  We speculate 

that nitroxide label at this position potentially can form a hydrogen bond with a water 

molecule or experience fewer stearic restrictions. 

The relative amount of spin-label in each of those forms can be estimated by 

calculating double integral of the corresponding spectral component, and can be used to 

characterize the local “proticity” of the spin-label environment.  The fraction of nitroxide 

with the hydrogen bond as a function of the label position along the lipid chain is shown in 

Figure 3.13.  At positions C5 and C7, the nitroxide probe exists primarily in the hydrogen-

bonded form, with corresponding fractions 0.90±0.05 and 0.80±0.07.   At position C10, the 

nitroxide probe exhibits a much smaller fraction in the hydrogen-bonded form (0.30±0.09), 
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thereby characterizing the corresponding local Sec14p environment as “mostly aprotic”.  As 

the nitroxide label is positioned further along the chain in the headgroup distal direction, the 

fraction of the hydrogen-bonded form increases again to 0.45±0.17 position C12 and reaches 

1 for and C16. 

 

Figure 3.13. Approximate fraction of hydrogen-bonded nitroxide label as a function of the 
label position along the chain of n-doxyl-PC bound to Sec14p. 
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CHAPTER 4 

Investigation of Sindbis E2 Transmembrane (STM) Domain Insertion into Mammalian 
and Insect Membrane Mimics 

 

 

4.1.   Experimental Methods 

4.1.1. Synthesis of STM16 and STM18 Peptides 

 

For this study, we were interested in understanding the interactions between the 

phospholipids in the host-cell membranes and the truncated transmembrane segments TM-16 

and TM-18.  The sequences of these model peptides were changed slightly from the TM 

sequences so as to incorporate cysteines at specific sites along the peptide chain.  The residue 

sequence for the transmembrane segment on the E2 glycoprotein in wild type Sindbis virus 

is: 

Wild Type: VYTILAVASATVAMMIGVTVAVLCAC           26 residues 

For each mutant generated in their study, a different number of residues were truncated from 

the central region of the transmembrane segment.  For the TM-16 and TM-18 mutants, the 

transmembrane segment residue sequences are truncated to: 

TM-16:  VYTILAVVTVAVLCAC     16 residues 

TM-18:  VYTILAVIGVTVAVLCAC    18 residues 

Of course, these sequences represent the transmembrane portion only, and are a small 

segment of the whole protein sequence.  Since the sequences for both TM-16 and TM-18 

contain two cysteine residues, alanine was chosen to replace these cysteines, as both amino 
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acids are nonpolar and neutral in charge.  Additional amino acids were attached to the N- and 

C-termini in order to serve as “anchors” that would reside outside the bilayer surface, given 

that the peptide would span the membrane in a transmembrane orientation.  Five lysine 

residues were added to the N-terminus while two histidines were added to the C-terminus.  

The sequences of the STM16 and STM18 peptides are given as: 

STM16:  Ac-HHVYTILAVVTVAVLAAAKKKKK-CONH2  

STM18:  Ac-HHVYTILAVIGVTVAVLAAAKKKKK-CONH2 

We have named the peptides numerically based on the location of the single cysteine, 

either STM16-n or STM18-n, where n is the residue number of the cysteine location starting 

from the first residue in the TM sequences on the C-terminal end.  The STM16 mutants used 

in this study are: 

STM16-2  Ac-HHVCTILAVVTVAVLAAAKKKKK-CONH2 

STM16-3  Ac-HHVYCILAVVTVAVLAAAKKKKK-CONH2 

STM16-5 Ac-HHVYTICAVVTVAVLAAAKKKKK-CONH2 

STM16-7  Ac-HHVYTILACVTVAVLAAAKKKKK-CONH2 

STM16-9  Ac-HHVYTILAVVCVAVLAAAKKKKK-CONH2 

STM16-11  Ac-HHVYTILAVVTVCVLAAAKKKKK-CONH2 

STM16-14 Ac-HHVYTILAVVTVAVLCAAKKKKK-CONH2 

STM16-15 Ac-HHVYTILAVVTVAVLACAKKKKK-CONH2 

The STM18 mutants used in this study are: 

STM18-2  Ac-HHVCTILAVIGVTVAVLAAAKKKKK-CONH2 

STM18-3  Ac-HHVYCILAVIGVTVAVLAAAKKKKK-CONH2 
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STM18-5 Ac-HHVYTICAVIGVTVAVLAAAKKKKK-CONH2 

STM18-7  Ac-HHVYTILACIGVTVAVLAAAKKKKK-CONH2 

STM18-9  Ac-HHVYTILAVICVTVAVLAAAKKKKK-CONH2 

STM18-11  Ac-HHVYTILAVIGVCVAVLAAAKKKKK-CONH2 

STM18-15 Ac-HHVYTILAVIGVTVAVCAAAKKKKK-CONH2 

STM18-16 Ac-HHVYTILAVIGVTVAVLCAAKKKKK-CONH2 

STM18-17 Ac-HHVYTILAVIGVTVAVLACAKKKKK-CONH2 

 

4.1.2. Spin-Labeling Procedure 

 

Nitroxide spin labels were attached to the cysteines on each of the STM16 and 

STM18 mutants.  1-oxyl-2,2,5,5-tetramethyl-delta 3-pyrroline-3-methyl spin label (MTSSL) 

is known to form stable covalent bond with the sulfur atom on cysteines, and was chosen as 

the spin-label in these experiments.  The crude peptide (70% pure, synthesized by SynBioSci 

Corp, Livermore, CA) was dissolved in methanol, and a four-fold excess of MTSSL in 

ethanol solution was added and allowed to react for at least four hours at room temperature.  

Figure 4.1 shows the reaction scheme for the MTSSL attachment. 
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Figure 4.1.  Stick diagram showing the reactants and product of the labeling reaction 
between 1-oxyl-2,2,5,5-tetramethyl-delta 3-pyrroline-3-methyl spin label (MTSSL) and a 

cysteine residue. 
 

4.1.3. Purification of Spin-Labeled Peptides 

 

Following the labeling reaction, each peptide was purified using a Shimadzu-10A 

HPLC.  A Vydac (W.R. Grace & Co., Edmonton, Alberta) C4-reverse phase preparatory 

column was used with the solvent gradient of 25-55% methanol with 0.065% triflouroacetic 

acid over 60 minutes and a flow rate of 4.5 mL/min.  The retention time of the unlabeled 

peptide was ~30 minutes, with the labeled peptide eluting about 5 minutes later.  The 

labeling reaction consistently had a yield of 95% or better as indicated by peak integration.  

Matrix Assisted Laser Desorption Ionization (MALDI) mass spectrometry was used to verify 

the mass of labeled peptide.  Each mutant was incorporated into phospholipid bilayers of 

reported compositions by mixing solutions of the peptide and phospholipids to achieve a 

target ratio of 1:100 peptide:phospholipid.  Multilamellar liposomes were prepared in the 

same manner described for the n-doxyl-PC samples.  The buffer used for liposome 

preparations was 50 mM Tris buffer at pH 7.3. 
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4.1.4. Incorporation into Host Cell Membrane Mimics 

 

We have utilized lipid bilayers of different compositions, to mimic those of insects 

and mammals.  To mimic a typical insect membrane, a mixture of 1,2-dipalmitoleoyl-sn-

glycero-3-phosphoethanolamine (DPoPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) was used in a ratio of 2:3 DPoPE:POPC.  To mimic a mammalian 

membrane, we included cholesterol at 30% of the total membrane composition.  POPC was 

also used, but instead of DPoPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE) was used.  The mammalian membrane phospholipid composition was 1:2 

POPE:POPC.  While they have the same phosphoethanolamine headgroup, DPoPE has two 

unsaturated acyl chains, where POPE has one saturated acyl chain, with the unsaturated chain 

having longer length than those of DPoPE.  It is the chemical differences in the DPoPE and 

POPE phospholipids, ratio of lipids, and presence/absence of cholesterol that make these two 

membrane types so different in physical properties.  The structures of phospholipids 

comprising the membrane mimics are shown in figure 4.2. 
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Figure 4.2.  Structure of phospholipids employed to mimic insect and mammalian 
membranes. 

 

 All CW EPR spectra were collected with a Century Series Varian E-109 (Varian 

Associates, Palo Alto, CA) EPR spectrometer.  Samples approximately 20 μL in volume, 

were drawn into a PTFE capillary, inserted into an air-tight NMR tube, and equilibrated with 

either pure nitrogen or oxygen atmospheres inside an airtight NMR tube.  SR data was 

acquired using a home-built time-domain EPR spectrometer located at the National 

Biomedical EPR Center, Medical College of Wisconsin, Milwaukee, WI.  Samples without 

NiEDDA were equilibrated with both air and pure nitrogen, and samples containing 

NiEDDA were equilibrated with nitrogen.   
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4.1.5. Circular Dichroism (CD) Spectropolarimetry 

 

For CD Spectropolarimetry, STM16 and STM18 peptides were dissolved in 50:50 

TFE/buffer mixtures, as well as incorporated into liposomes.  For the TFE/buffer mixtures, 

peptides were first dissolved in 100% TFE (2,2,2-triflouroethanol) then 50 mM Tris buffer at 

pH=7.3 was added to achieve the 50:50 ratio.  The final concentration of peptides in this 

mixture was 50 μM.  For samples of peptides incorporated into liposomes, liposome 

preparation was the same as described previously, although scaled down to achieve a 50 μM 

concentration of peptide, and a ratio of 1:30 peptide to phospholipid.  All spectra were 

recorded with a Jasco J-600 CD spectropolarimeter from 190 nm to 250 nm in a 100 μL 

cuvette at 21 °C.  A response of 0.5 sec, scan speed of 50 nm/min., and a sensitivity of 50 

mdeg/cm were employed to record each spectrum.  Spectra for peptides in the 50:50 

TFE:buffer mixture were averaged over 10 accumulations with the baselines (mixture 

without peptides) subtracted.  Spectra for peptides incorporated into liposomes were 

averaged over 100 accumulations, and the corresponding baselines (liposomes without 

peptide) were also subtracted.  The Variable Selection (VARSLC) algorithm (Compton and 

Johnson, 1986) was accessed through DICHROWEB, the on-line server for protein Circular 

Dichroism spectra deconvolution, in order to estimate the secondary structures of the 

peptides. 
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4.2. Incorporation of STM Mutants into Insect Membrane Bilayer 

 

The diffusion coefficient and concentration of molecular oxygen within a membrane 

bilayer varies with the depth inside the membrane.  These two parameters cannot be 

determined individually using EPR, instead, their product, the permeability coefficient of 

oxygen within the bilayer, can be determined, and is found to be a continuous function based 

on the distance from the central region of the bilayer.  Using EPR, and nitroxide spin labels 

selectively placed at various depths within a bilayer; the gradient of nitroxide relaxation 

enhancement by molecular oxygen can be measured, and is proportional to the permeability 

gradient.  The EPR signal from molecular oxygen, dissolved in solution, is undetectable 

under normal conditions; therefore, it is the interaction of oxygen with the spin label that is 

measured.  As a paramagnetic molecule, like NiEDDA, which was discussed in the Sec14p 

accessibility experiments, oxygen is a spin-relaxant, shortening both the T1 and T2 electronic 

relaxation times of the nitroxide.  For our investigations of the mechanisms responsible for 

the interactions of STM16 and STM18 peptides with insect and mammalian membrane 

mimics, we have utilized both molecular oxygen and NiEDDA permeability profiles within 

each membrane type in order to determine the depth of each spin labeled position within the 

bilayer.  This procedure allows for the determination of the peptide conformation within the 

membrane.  We have employed two different EPR methods for these investigations: First, we 

utilized CW EPR to probe the T2 relaxation of nitroxides by oxygen, and Second, Pulse 

Saturation Recovery methods to measure directly the T1 relaxation rates of spin labels in the 

presence of either oxygen or NiEDDA.   
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4.2.1. CW EPR Accessibility Experiments 

4.2.1.1.  Oxygen Accessibility Measurements Across the Insect Membrane Bilayer 

 

In order to generate a calibration profile for oxygen permeability coefficient across 

the bilayer, we recorded CW EPR spectra for n-doxyl-PC (n=5, 7, 10, 12, 16) lipids (1%) 

inserted into a DPoPE:POPC 2:3 membrane that mimics a typical insect membrane. Shown 

in Figure 4.3 are the room temperature CW spectra for each n-doxyl-PC position inserted into 

the insect membrane.  All spectra appear to be one component, with increasing mobility as 

the label is moved away from the polar head region.  All spectra shown are recorded under 

nitrogen, for use as a control for comparison to spectra recorded under oxygen.  The method 

for extracting the broadening caused by oxygen is the same described previously in the 

Sec14p accessibility experiments (Eq. 13, Chapter 2.4.2.)   

 111



Magnetic. Field, G
3360 3380 3400 3420

5

7

10

12

16x0.25

 

Figure 4.3.  Room temperature CW spectra of n-doxyl-PC, (n=5, 7, 10, 12, 16) in insect 
membrane (DPoPE:POPC 2:3). 

 

Figure 4.4 shows the accessibility profile for the n-doxyl-PC’s in the insect membrane 

mimic.  5-doxyl-PC, being closest to the polar head region, has the lowest accessibility.  As 

expected, the broadening increases as the nitroxide is placed further down the acyl chain.  

Position 16, was found to exhibit the greatest effect, which is actually somewhat unusual.  

Even though the nitroxide at position 16 can be considered to be the closest to the bilayer 

center, previous work, as well as our SR data, indicate that 16-doxyl-PC could “bend back” to 

minimize free energy of placing a somewhat polar nitroxide into a non-polar environment in 

the bilayer center.  Typically, accessibility experiments give values for position 16 that lie 
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between measured values for positions 10 and 12.  For some reasons, in this insect membrane 

mimic, we do not see this to occur.  However, we have discarded the measurement at 

position 16 from our calibration scale. 
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Figure 4.4.  Plot of Lorentzian peak-to-peak broadening between O2 and N2 equilibrated 
spectra of n-doxyl-PC (n=5, 7, 10, 12, 16) in insect membrane (DPoPE:POPC 2:3) as 

measured at T=21oC. 
 

Figure 4.5 shows room temperature CW spectra recorded for spin-labeled STM-16 

peptides in the insect membrane mimic.  For all positions of nitroxide along the peptide 

sequence CW EPR spectra consist of three broad lines characteristic of the peptide 

interacting with the phospholipid bilayer. Spectra from nitroxide at positions 2, 5, 7, and 15 

have a very small amount of EPR signal in very fast motional regime showing as three sharp 

lines.  Position 9 also does have a small amount of this component, however it is very small 

and hardly noticeable.  This fast motional component is attributed to peptide that is weakly 

associated with the bilayer, or in the aqueous phase.  All other spectra show are single 
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component, characteristic for a nitroxide in an intermediate motional regime as one would 

espect for a peptide fully inserted into the bilayer.  This tells us that STM16 does insert well 

into this membrane type, as no other major components were observed by EPR.  Virus 

activity for TM-16 deletion mutant in insect cells is at the wild-type virus level.    
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Figure 4.5.  Room temperature CW spectra from a series of STM16 mutants spin-labeled at 
various positions in insect membranes (DPoPE:POPC 2:3).  Position of label attachment site 

is indicated on right-hand side of each spectrum. 
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Figure 4.6 shows a series of CW EPR spectra from nitroxide-labeled STM18-n 

peptides in the insect membrane mimic.  Just as with STM16, all spectra are single-

component, except for position 5, which has only a small amount of a fast-motion component 

overlapping.  Again, this serves as evidence that STM18 does insert inot this membrane, and 

supports the activity reported for this mutant in insect membranes. 
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Figure 4.6.  Room temperature CW spectra from a series of STM18 mutants spin-labeled at 
various positions in insect membranes (DPoPE:POPC 2:3).  Position of label attachment site 

is indicated on right-hand side of each spectrum. 
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In order to evaluate how STM-16-n and STM-18-n peptides interact with model 

insect membrane we have measured oxygen-induced broadening as a function of the label 

position.  Figure 4.7. shows the broadening between the O2 and N2 spectra for each labeled 

position of STM16-n.  This gives us the oxygen accessibility profile across the membrane, 

which can be compared to the accessibility profile measure for n-doxyl-PC’s in 

DPoPE:POPC 2:3 bilayer at known depths. 
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Figure 4.7.  Plot of broadening between O2 and N2 equilibrated spectra of STM16 labeled 
positions in insect membrane (DPoPE:POPC 2:3). 

 

Oxygen accessibility for STM16 shows the general trend expected for a 

transmembrane domain.  The center most positions (n=7 and 9) have the highest 

accessibility, while the outer positions have the lowest.  Position 15 has the lowest 

accessibility of all the labeled positions; numerical value of linewidth broadening paramer 

places it around the same depth in the membrane as 5-doxyl-PC.  On the other side of the 
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peptide, at position 2, the accessibility measurement places this site between the depths of 7-

doxyl-PC and 10-doxyl-PC.  The centermost position, 9, has the accessibility value equivalent 

to that of 16-doxyl-PC, confirming that this position is closest to the center of the bilayer, 

meaning that this peptide takes a transmembrane conformation. 

Figure 4.8 shows the broadening between the O2 and N2 spectra for each labeled 

position of STM18.  Such a plot provides the oxygen accessibility profile along the peptide 

chain when incorporated into the membrane.  The profile has the same general trend, 

indicating transmembrane insertion.  Similar to STM16, the highest accessibility is at 

position 9 with lowest accessibilities for the outer residues.  The outermost residues have the 

accessibility values that place those sites to be about the same depths as 5-doxyl-PC or 7-

doxyl-PC.  Again, the position 9 of STM18 has an accessibility value similar to those of 16-

doxyl-PC and the position 9 of STM16, indicating that this site of the peptide resides within 

the central region of the bilayer.   
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Figure 4.8.  Plot of Lorentzian broadening between O2 and N2 equilibrated CW EPR spectra 
from STM18 labeled with MTSSL in the presence of an insect membrane mimic 

(DPoPE:POPC 2:3). 
 

4.2.1.2.  Spin Label Dynamics within the Insect Membrane Bilayer 

 

All CW EPR spectra from spin-labeled STM-16 and STM-18 peptides inserted into 

insect-mimicking lipid bilayer fall into the “intermediate motional” regime on EPR time 

scale.  The mobility parameter, defined as the inverse central line width was determined from 

the room temperature CW EPR spectra of each labeled species of STM16 and STM18 in the 

insect membranes.  Since oxygen dissolved in the membrane would affect the EPR line 

width, spectra recorded from nitrogen-equilibrated samples were used for dynamics analysis.  

Figures 4.9 and 4.10 show the mobility parameter for each labeled position of STM16 and 

STM18 in the insect membranes, respectively. 
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Figure 4.9.  Reciprocal of the central resonance linewidth for room temperature CW EPR 
spectra of STM16 labeled species in nitrogen-equilibrated insect membrane mimic 

(DPoPE:POPC 2:3), plotted as a function of nitroxide position. 
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Figure 4.10.  Reciprocal of the central resonance linewidth for room temperature CW EPR 
spectra of STM18 labeled species in nitrogen-equilibrated insect membrane mimic 

(DPoPE:POPC 2:3), plotted as a function of nitroxide position. 
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 In the intermediate motional regime, the smaller mobility parameter corresponds to 

slower motion of the label. The mobility parameters for all labeled positions on both peptides 

fall into the same narrow interval, indicating that there is no major change in the spin label 

dynamics with the position of the label.  The trend, however, could be seen with labels 

located at the beginning and the end of the sequence demonstrating slower motion than the 

labels in the middle of the peptides. Such a trend is in agreement with the transmembrane 

orientation of the peptides: motion of the labels close to the polar head region of the bilayer 

is somewhat more restricted compared with the center of the membrane.  While there are 

some small differences in the mobility among the different positions in both peptides, the 

magnitude of the differences is very small within the hydrophobic core of the bilayer, as 

expected for transmembrane peptide undergoing motion around the membrane director axis.    

We attribute these differences to the fact that each position along the peptide chain is in a 

slightly different environment, due to proximity to the neighboring amino acids.   

 

4.2.2. Pulse Saturation EPR Accessibility Measurements 

 

We have also employed Pulse Saturation Recovery (SR) EPR method to investigate the 

insertion profile of the STM peptides.  One important advantage of the SR method is that it 

allows us to detect the presence of multiple components in EPR spectrum with different 

accessibility to paramagnetic relaxer.  Generally, SR signal from a single component can be 

fitted with a single exponent very well and the presence of multi-exponential decay in the 

presence of a paramagnetic relaxer would be an indicator of labeled sites with different 
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accessibility.  T1 detection scheme is also more sensitive and can be used to measure effects 

of water-soluble paramagnetic relaxers like NiEDDTA at relatively low concentrations, when 

changes in the linewidth (T2-effect) are very small.  As noted above, permeability of 

molecular oxygen decreases with distance away from the bilayer center.  The permeability 

profile of NiEDDA within the bilayer increases with distance away from the bilayer center.  

We utilize the accessibility parameters for both spin-relaxants in order to calculate the depth 

of labeled positions of the STM peptides in this experiment.  Similar to the CW EPR oxygen-

accessibility experiments, a series of SR experiments was conducted with n-doxyl-PC (n=5, 

7, 10, 12, 16) lipids (1%) incorporated into DPoPE:POPC 2:3 membranes that mimics a 

insect membrane to establish a calibrated “ruler” for depth determination of the spin-labeled 

peptide positions.  Recovery rates for samples under nitrogen atmosphere in the 

presence/absence of 20 mM NiEDDA were recorded as well as for samples under normal air 

conditions with no NiEDDA.  Figure 4.11 shows the saturation recovery results for 5-doxyl-

PC in insect membranes for each sample condition.  As expected, the T1 nitroxide relaxation 

time for sample under nitrogen atmosphere is the slowest, with the NiEDDA containing 

sample a little faster, and the sample under normal air recovering at the fastest rate.   
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Figure 4.11.  First 20 μs of SR signal for 5-doxyl-PC in the insect membrane (DPoPE:POPC 
2:3).  Black solid line and dashed line are the SR signal, and residual of single component fit 
for the nitrogen-equilibrated sample, respectively.   Red solid line and dashed line are the SR 

signal, and residual of single component fit for the air-equilibrated sample, respectively.  
Blue solid line and dashed line are the SR signal, and residual of single component fit for the 

nitrogen-equilibrated sample containing 20 mM NiEDDA, respectively 
 

Saturation recovery signals were satisfactory fit with a single exponential function, 

indicating an absence of EPR species with different accessibility.  The difference in 

relaxation rates was used to calculate the accessibility parameter Π  (Altenbach, et al., 1994), 

which is proportional to the relaxivity of the relaxant and the relaxant concentration.   Π(O2)  

and Π(NiEDDA) values were calculated from the difference in the longitudinal electronic 

relaxation rates for a sample in the presence and the absence of the relaxer.   

Figure 4.12 shows the Π parameters for both oxygen (circles) and NiEDDA (squares) 

for n-doxyl-PC in a DPoPE:POPC 2:3 membrane.  Π(O2) values for n-doxyl-PC follow an 

expected trend; accessibility increases as the nitroxide is positioned closer to the bilayer 
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center.  The Π(NiEDDA) values for n-doxyl-PC’s in the DPoPE:POPC 2:3 membrane also 

follow the expected trend; decreased accessibility as the nitroxide is positioned closer to the 

bilayer center.  The only exception to these trends occurs at the position 16, which was 

discussed in the CW experiments section.  Here, we do see evidence for the “bending back” 

behavior of the 16-doxyl-PC; therefore we cannot use the accessibility at this position to 

make a reliable assessment of the insertion depth at this position. 
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Figure 4.12.  Accessibility parameter Π versus label position for n-doxyl-PC in an insect 
membrane (DPoPE:POPC 2:3).  Circles represent Π (O2) values and squares represent Π 

(NiEDDA) values.  All experimental error bars are smaller than the size of the data points. 
 

 The depth parameter, Φ, introduced by Altenbach, et al., 1994 is defined as the 

natural log of the ratio of Π (O2) and Π (NiEDDA) values.  It is this value that is 

conveniently used to calibrate nitroxide depth within the membrane. Figure 4.13 shows the 

depth parameter, Φ, for each n-doxyl-PC in a DPoPE:POPC 2:3 membrane, plotted against 

the nitroxide distance from the phosphate head groups. 
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Distances of each n-doxyl-PC from the bilayer surface were taken from White and 

Wimley, 1994, and are listed in Table 4.1.  Given that the n-doxyl-PC’s are distributed evenly 

across the symmetric bilayer, the Φ values represent the depth on both sides of the bilayer.  

When the Φ values are plotted vs. distance from the surface, excluding position 16, a simple 

linear dependence is observed for each side of the bilayer.  This dependence of Φ on distance 

from bilayer surface makes it a useful tool for determining the nitroxide immersion depth 

into bilayers.  The dashed line on Figure 4.11 indicates the intersection of the Φ value fits for 

both sides of the bilayer.  This intersection determines the theoretical Φ value for the 

centermost region of the membrane.  This “maximum’ Φ value is close to the maximal Φ 

value observed for a deeply buried nitroxide on an α–helical peptide (Nielsen, et al., 2005). 

 

Table 4.1.  Distances of n-doxyl-PC from bilayer surface used for depth calibration (White 
and Wimley, 1994) 

n-doxyl-PC 

position 
Distance from Surface (Å) (x-ray) Distance from Surface (Å) NMR 

5 8.1, 36.9 8.1 

7 10.5, 34.5 10.5 

10 14.5, 30.5 14.0 

12 17, 28 16.0 

16 22 18.6 
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Figure 4.13.  Depth Parameter Φ for n-doxyl-PC in DPOPE:POPC 2:3 membrane. All 
experimental error bars are smaller than the size of the data points.  Dashed line indicates the 

maximum theoretical value for Φ in this type of membrane. 
 

As the distances of n-doxyl-PC’s from the bilayer surface are known, their Φ values 

can be used to provide a distance calibration for the transmembrane peptide data.  The same 

series of Saturation Recovery experiments were conducted on spin labeled series of STM16 

and STM18 peptides.  Figure 4.14 shows an example of the SR signals for STM16-2 in the 

insect membrane.  Again, the sample under nitrogen atmosphere is the slowest to recover, 

with the NiEDDA containing sample a little faster, and the sample under normal air 

recovering at the fastest rate. 
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Figure 4.14.  First 20 μs of SR signal for STM16-2 in the DPoPE:POPC 2:3 membrane.  
Black solid line and dashed line are the SR signal, and residual of single component fit for 
the nitrogen-equilibrated sample, respectively.   Red solid line and dashed line are the SR 
signal, and residual of single component fit for the air-equilibrated sample, respectively.  

Blue solid line and dashed line are the SR signal, and residual of single component fit for the 
nitrogen-equilibrated sample containing 20mM NiEDDA, respectively.   

 

Accessibility parameters (Π) for each STM16 labeled position were calculated as the 

differences in relaxation rates.  Shown in figure 4.15 is a plot of Π(O2)(left axis) and 

Π(NiEDDA)(right axis) values for STM-16 mutants in DPoPE:POPC 2:3 membranes.  
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Figure 4.15.  Accessibility parameter Π versus label positions for STM-16 in DPoPE:POPC 
2:3 membrane.  Circles represent Π(O2) values and squares represent Π(NiEDDA) values. 

 

SR data for STM16 in DPoPE:POPC 2:3 membranes give similar results as the CW 

experiments.  Π(O2) and Π(NiEDDA) indicate transmembrane insertion of the peptide, 

having largest Π(O2) values for the centermost positions, and largest Π(NiEDDA) values for 

the positions nearest to either end of the amino acid chain.   
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Figure 4.16 shows an example of the SR signals for STM18-2 in the insect membrane.  

SR signals for the samples under the different conditions appear as expect, with the sample 

under nitrogen atmosphere is the slowest to recover, the NiEDDA containing sample a little 

faster, and the sample under normal air recovering at the fastest rate. 
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Figure 4.16.  First 20 μs of SR signal for STM18-2 in the DPoPE:POPC 2:3 membrane.  
Black solid line and dashed line are the SR signal, and residual of single component fit for 
the nitrogen-equilibrated sample, respectively.   Red solid line and dashed line are the SR 
signal, and residual of single component fit for the air-equilibrated sample, respectively.  

Blue solid line and dashed line are the SR signal, and residual of single component fit for the 
nitrogen-equilibrated sample containing 20mM NiEDDA, respectively.   

 

Shown in Figure 4.17 is a plot of Π(O2)(left axis) and Π(NiEDDA)(right axis) values 

for STM-18 mutants in DPoPE:POPC 2:3 membranes.   
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Figure 4.17.  Accessibility parameter Π versus label positions for STM-18 in DPoPE:POPC 
2:3 membrane.  Circles represent Π(O2) values and squares represent Π(NiEDDA) values. 

 

SR data for STM18 in DPoPE:POPC 2:3 membranes shows the same trend as the data 

for STM16.  Π(O2) and Π(NiEDDA) indicate transmembrane insertion of the peptide, having 

largest Π(O2) values for the centermost positions, and largest Π(NiEDDA) values for the 

positions nearest either end of the amino acid chain.  Comparing results between the two 

peptides, we see that Π(O2) values for STM18 mutants are shifted about 0.5 units higher than 

values for mutants on STM16 peptide.  Π(NiEDDA) values for STM18 mutants fall into the 
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same range as the values for STM16 mutants, except for the outermost positions on STM18, 

which have higher values than the outermost positions of STM-16.  This is expected due to 

the fact that STM-18 is a longer peptide and the outermost-labeled positions should extend 

further into the polar head region, and therefore, be more accessible to NiEDDA.   

Since we have a calibration curve in DPoPE:POPC 2:3 for determining immersion depth 

calculated from the depth parameter, Φ, the depth of each labeled position on STM-16 and 

STM18 may be determined.  The depth parameters (Φ) for each STM16 and STM18 labeled 

position were calculated in the same way done for the n-doxyl-PC’s.  Plots of Φ for STM16 

and STM18 vs. position of label are shown in figures 4.18 and 4.19, respectively.   
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Figure 4.18.  Depth parameter Φ for STM-16 in DPOPE:POPC 2:3 membrane. 
Φ values for STM16 are used to determine the immersion depth of each position.  Table 

4.2 lists the calculated immersion depths of each labeled position from the calibration curve. 
 

The STM16 model peptide consists of 16 of the WT amino acids, with two histidines 

attached at the C-terminus and five lysines at the N-terminus.  This makes for a 23-residue 

peptide, with the central residues hydrophobic and the outer residues hydrophilic.  If STM16 

inserts so that the peptide residues are uniformly distributed across the bilayer, the 

centermost point on the peptide is between positions 9 and 10.  The Π(O2) and Π(NiEDDA) 

data for STM16 is consistent with this possibility since the greatest oxygen effect is on the 

positions 7-11, as well the lowest effect from NiEDDA.  However, it is the logarithmic ratio 
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of these two values that determines the nitroxides immersion depth.  Position 2 on STM16 

gives a calculated depth equivalent to 5-doxyl-PC measurement.  Positions 5, 9, 11, 14, and 

15 have reasonable depth parameters and calculated immersion depths.  Position 7 is the only 

other STM16 labeled position that gives an inconsistent result when calculating the 

immersion depth.  The depth parameter, Φ, for the position 7, is larger than the previously 

determined maximum of 4.5.  This is most likely due to the very small measured effect of 

NiEDDA on this position.  Previous studies have found that NiEDDA does not partition well 

into the center of the bilayer, which is expected since it is a polar molecule (Boyd, et al., 

1998; Yeagle, and Lee, 1992).  This makes measuring the effect of NiEDDA in the central 

region of a membrane rather difficult.   We assume that since the measured affect of 

NiEDDA on position 7 of STM16 is near zero, that the value is two small to include and used 

to determine the depth parameter accurately. 
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Figure 4.19.  Depth parameter Φ for STM18 in DPOPE:POPC 2:3 membrane. 
 

The STM18 model peptide consists of 18 of the WT amino acids, with two histidines 

and five lysines attached to either end, just as for STM16.  If this 25-residue peptide inserts 

so that the peptide residues are uniformly distributed across the bilayer, the centermost point 

on the peptide is between the positions 10 and 11.  Π(O2) and Π(NiEDDA) data for STM18 

are consistent with this possibility since the greatest oxygen effect and smallest NiEDDA 

effect falls for the positions 9 and 11. 
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The depth parameters for all the STM18 positions were used to calculate the 

immersion depths of the corresponding labeled sites, in the same way they were calculated 

for STM16.  Positions 2 and 3 appear to be at the correct depth, with ~1.4 Å between these 

positions.  The depth parameter for the position 5 increases significantly from the value of 

the position 3, and the calculated depth is to far from the calculated depth of position 3 to be 

accurate.  Positions 9 and 11 have the depth parameters above the maximum value of 4.5, 

due to the almost zero effect from NiEDDA.  Due to this, an accurate depth also cannot be 

determined, however, we do know that these positions reside in the center of the bilayer.  

Positions 15, 16, and 17 have acceptable depth parameters and calculated immersion depths. 

In Figures 4.20, and 4.21, the n-doxyl-PC calibration curves for DPoPE:POPC 2:3 

membrane composition is used to show the corresponding immersion depths for each label 

position on STM16 and STM18 respectively.  For STM16, the position 7 is the only one that 

has the depth parameter greater than the maximum of 4.5, and therefore, we are unable to use 

the data point to calculate its depth within the bilayer.  Overall trend in the depth parameter 

confirms the transmembrane insertion of the peptide.   
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Figure 4.20.  Calibration of STM16 residue distance from the cytoplasmic phosphate groups 
from the depth parameter Φ.  Black circles are depth parameters Φ for n-doxyl-PC positions, 
and black lines are the calibration curves.  Red circles are the depth parameters Φ for STM16 

labeled positions, and red dashed lines indicate the depth of each position. 
 

Positions 9 and 11 of STM-18, like the position 7 on STM-16, have the depth 

parameter values higher than the 4.5 maximum, and therefore, were not used to calculate an 

accurate depth.   Again, this is due to negligible effect of NiEDDA on the saturation recovery 

rate of these labels.  Since we believe these positions to be in the center of the bilayer, where 

NiEDDA does not penetrate, a high depth parameter is consistent with this hypothesis.   
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Figure 4.21.  Calibration of STM18 residue distance from the cytoplasmic phosphate groups 
from the depth parameter Φ.  Black circles are depth parameters Φ for n-doxyl-PC positions, 
and black lines are the calibration curves.  Red circles are the depth parameters Φ for STM18 

labeled positions, and red dashed lines indicate the depth of each position.   
 

 Results from the CW and SR EPR experiments show conclusively that both the 

STM16 and STM18 peptides exhibit transmembrane insertion into the insect membrane 

mimic: DPoPE:POPC 2:3.  These results were expected because the production of the 

infectious virus for the corresponding TM-16 and TM-18 Sindbis Virus mutants, is close to 

the production seen in the wild type virus.  Without proper insertion of the transmembrane 
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domain, the virus’s macromolecular structure would not be stable, and would fall apart.  

These Sindbis mutants were still able to insert with the proper orientation within the insect 

host cell membrane, which leads to the production of infectious virus. 

 

4.2.3. Circular Dichroism (CD) Spectropolarimetry 

 

TFE is known to stabilize α-helical structures by creating a situation similar to the 

non-polar region of a membrane.  CD spectra for both STM16 and STM18 peptides were 

initially recorded in a 50:50 TFE:buffer solution in order to obtain a reference spectrum for 

each.  Figure 4.22 shows the CD spectra for STM16 and STM18 in 50:50 TFE:buffer.  

Secondary structures were determined to be 80% α-helical for STM16 and 71% α-helical for 

STM18.   
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Figure 4.22.  CD spectra for STM16 and STM18 recorded in 50:50 TFE:buffer.  Spectra are 
corrected for background signals originating from pure TFE:buffer solution. 

 

  CD spectra for both peptides incorporated into the insect membrane mimic 

(DPoPE:POPC 2:3) were recorded in order to determine the transmembrane structure of 

these peptides.  Figure 4.23 shows the CD spectra for STM16 and STM18 incorporated into 

the insect membrane mimic.  The signal intensity was significantly reduced when the 

peptides were incorporated into the liposomes.  Light scattering by the liposomes resulted in 

a greater signal-to-noise ratio, which required much more averaging in order to reveal the 

spectral features.  Results of the fits show that STM16 is comprised of 32% α-helical 

structure, 29% β-sheet, and 39% random coil.  STM18 was determined to be 15% α-helical, 

33% β-sheet, and 53% random coil.  These results are considered to be relatively inaccurate 

due to the low intensity signal output.  We can conclude, however, that neither peptide 

assumes 100% α-helical structure as it spans the membrane.  Due to the shorter length of 
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these peptides, compared to the wild type transmembrane domain, it is possible that these 

peptides partially uncoil in order to completely span the membrane.   
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Figure 4.23.  CD spectra recorded for STM16 and STM18 inserted into the insect membrane 
mimic (DPoPE:POPC 2:3).  Spectra are corrected for background signals originating from 

liposomes without peptides. 
 

4.3. Incorporation of STM Mutants into Mammalian Membrane Bilayer 

 

We have employed CW EPR accessibility measurements and SR EPR methods to 

investigate the insertion profiles of STM16 and STM18 peptides into the mammalian type 

membrane.  
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4.3.1. Oxygen Accessibility Profile Across Mammalian Membrane Bilayer 

 

Again, we have utilized n-doxyl-PC (1%) lipids doped into the mammalian type 

membrane mimic (POPE:POPC 1:2 with 30% cholesterol) for calibration.  Figure 4.24 shows 

the room temperature CW spectra for each n-doxyl-PC in the mammalian type membrane.  

All spectra appear to be single-component, with increasing mobility as label is moved away 

from the polar head region.   
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Figure 4.24.  Room temperature CW EPR spectra of n-doxyl-PC, (n=5, 7, 10, 12, 16) in 
mammalian membrane (POPE:POPC 1:2 with 30% cholesterol). 

 

Figure 4.25 shows the accessibility profile for these n-doxyl-PC (n=5, 7, 10, 12, 16) in 

mammalian membrane containing cholesterol.  Accessibility values are different than those 

measured for the insect membrane, as expected, since the presence of cholesterol affects the 

lipid bilayer properties.  The effect of cholesterol increases the permeability of oxygen within 
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the central region of the bilayer, since cholesterol is non-polar.  However, positions 5 and 7 

have lower oxygen accessibility than they do in insect membrane.  These observations tell us 

that these measurements are necessary for each membrane type in order to calibrate the 

relative depths of each labeled STM16 or STM18 mutant.  While the accessibility values are 

different in the two membranes, the same trend is observed, with increasing oxygen 

accessibility as the nitroxide is moved towards the center of the bilayer. 
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Figure 4.25.  Plot of broadening between O2 and N2 equilibrated spectra of n-doxyl-PC (n=5, 
7, 10, 12, 16) in mammalian membrane (POPE:POPC 1:2 with 30% cholesterol). 
 

Figure 4.26 shows a series of CW EPR spectra for STM16 labeled positions in the 

mammalian type membrane.  While all of the spectra contain some portion of a nitroxide 

component in the fast motional regime, positions 2, 5, and 7 contain much larger fractions 

than the others.  The slow motional component appears to be heavily broadened, most likely 

by spin-exchange interactions coming from aggregated peptides.  Figure 4.27 shows the same 
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spectra, with the fast component removed via the convolution filtering process developed by 

Alex Smirnov (2008).  Figure 4.28 shows an example of this for STM16-15 in mammalian 

30% cholesterol membrane.  Subtraction of the fast motional component is necessary for the 

extraction of the homogeneous broadening by molecular oxygen.  Removal of the fast 

motional component from the spectra containing only a small amount of this component was 

not feasible.  
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Figure 4.26.  A series of room temperature CW EPR spectra of STM16 labeled at various 
positions (indicated by the number to the right of the spectrum) and incorporated into 

mammalian membranes (POPE:POPC 1:2 with 30% cholesterol). 
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Figure 4.27.  A series of room temperature CW EPR spectra of STM16 labeled at various 
positions (indicated by the number to the right of the spectrum) and incorporated into 
mammalian membrane (POPE:POPC 1:2 with 30% cholesterol), with fast component 

removed as indicated with * for positions where removal is possible. 
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Figure 4.28.  An example of the fast component removal.  Black: Experimental CW EPR 
spectrum for STM16-15 in mammalian membrane (POPE:POPC 1:2 with 30% cholesterol).  

Red: Simulated fast motional component. Blue:  Residual of fast-motional component 
subtraction. 

 

As noted, all EPR spectra appeared to be broadened by spin-exchange between 

aggregated peptides that bring the nitroxides into a close proximity.  In order to test whether 

spin-exchange interactions are indeed present between the nitroxides, control samples were 

prepared with only a fraction of the peptides labeled.  If aggregated, the peptides will still be 

in close contact, but with only a fraction of them labeled, the spin-exchange interactions will 

be reduced, and a less broadened spectrum will be recorded.  Fitting spectra from the 

fractionally labeled samples onto the spectra from completely labeled samples gives the 

difference in broadening, and hence the degree of the spin-exchange present between the 

spin-labels, thus, one could assess the extent of the peptide aggregation.  Figure 4.29 shows 

an example of a fit for 50% labeled STM16-15 and 100% labeled STM16-15.  The 50% 
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labeled spectrum is indeed less broad than from 100% labeled sample: difference in 

Lorentzian component is approximately 2.1 G. 
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Figure 4.29.  Fitting of spectra from a STM16-15 mutant with only 50% of peptide labeled 
(black) onto STM16-15 mutant with 100% of peptide labeled (red), both collected for 

mammalian membrane (POPE:POPC 1:2 with 30% cholesterol).  Blue is the residual of the 
single-component Lorentzian fitting procedure. 

 

Figure 4.30 shows an example of a fit for 25% labeled STM16-15 and 100% labeled 

STM16-15.  The 25% labeled spectrum is indeed less broad than the 100% labeled spectrum, 

with approximately. 2.55 G difference in Lorentzian component.  These large values in 

broadening difference do indicate that there are significant spin-exchange interactions 

between spin-labels.    
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Figure 4.30.  Fitting of spectra from a STM16-15 mutant with only 25% of peptide labeled 
(black) onto STM16-15 mutant with 100% of peptide labeled (red), both collected for 

mammalian membrane (POPE:POPC 1:2 with 30% cholesterol).  Blue is the residual of the 
single-component Lorentzian fitting procedure. 

 

Figure 4.31 shows the oxygen accessibility profile for each labeled position of 

STM16.  Results are unlike what is expected for the transmembrane insertion; oxygen 

accessibility for the central positions of the peptide are relatively small.  All positions have 

oxygen accessibility that places these sites between the depths of 5-doxyl-PC and 10-doxyl-

PC.  Such values of oxygen accessibility are also characteristic of protein environment and 

can be observed for deeply buried protein residues.  Such accessibility values would be also 

in agreement with spin labels attached to aggregated peptides that are expected to have 

polarity and oxygen diffusion constants similar to those of the protein interior.  A large value 

observed for the position 9 is likely an artifact of fitting routing due to the presence of sharp 

components.  Unfortunately, the presence of fast component that cannot be accurately 
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removed under those conditions makes the fitting procedure even less accurate, as the least-

squares minimization is forced to fit the more prominent, sharp features of the fast 

component to a larger degree than the slow component.  This can result in a larger 

broadening parameter than the true accessibility. 
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Figure 4.31.  Plot of linewidth broadening between O2 and N2 equilibrated CW spectra of 
STM16 labeled positions in mammalian membrane (POPE:POPC 1:2 with 30% cholesterol). 
 

Figure 4.32 shows the series of CW spectra for STM18 labeled positions in the 

mammalian membrane (POPE:POPC 1:2 with 30% cholesterol).  While each position does 

contain a small amount of the fast component, none contain as much as 2, 5, 7, or even 

position 15 samples of STM16.  The slow motion component does appear to represent highly 

aggregated peptides, based on the extent of broadening in comparison to the spectra for 

peptides inserted into the insect membrane. 
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Figure 4.32.  Room temperature CW EPR spectra of STM18 labeled positions in mammalian 
membrane (POPE:POPC 1:2 with 30% cholesterol). 

 

Figure 4.33 shows the oxygen accessibility parameter for each labeled position on 

STM18 in the mammalian membranes containing 30% cholesterol.  While there are two 

positions that have high accessibilities, the data still indicate that this peptide is aggregating 

on the bilayer surface.  While the position 9 is one of the sites with a high accessibility value, 

and could possibly be accurate as it is a central residue, the position 2 gives a larger 

accessibility than expected for that position in a transmembrane configuration.  The other 
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positions have accessibilities that place them around the depth of 5-doxyl-PC, with positions 

3 and 11 measured to be near the depth of 7-doxyl-PC. 
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Figure 4.33.  Plot of linewidth broadening between O2 and N2 equilibrated CW spectra of 
STM18 labeled positions in mammalian membrane (POPE:POPC 1:2 with 30% cholesterol). 
 

 

4.3.2. SR Accessibility Experiments to Determine Location of Aggregated Peptides 
within Mammalian Membrane 

 
 

SR EPR experiments were conducted for both STM16 and STM18 peptides inserted 

into the mammalian type membrane, as described in section 4.2.2.   n-doxyl-PC (n=5, 7, 10, 

12, 16) lipids (1%) in mammalian membrane (POPE:POPC 1:2 with 30% cholesterol) were 

used to calibrate the immersion depth.  The concentration of NiEDDA was 20 mM, just as in 

the insect membrane calibration experiment.  Figure 4.34 shows the saturation recovery 

results for 5-doxyl-PC in the mammalian membrane for each sample condition.  Just as was 
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observed for the insect membrane calibration, all n-doxyl-PC samples under nitrogen 

atmosphere are the slowest to recover, with the NiEDDA-containing samples a little faster, 

and the samples under normal air recovering at the fastest rates.   
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Figure 4.34.  First 20 μs of SR signal for 5-doxyl-PC in mammalian membrane 
(POPE:POPC 1:2 with 30% cholesterol).  Black solid line and dashed line are the SR signal, 
and residual of single component fit for the nitrogen-equilibrated sample, respectively.   Red 
solid line and dashed line are the SR signal, and residual of single component fit for the air-

equilibrated sample, respectively.  Blue solid line and dashed line are the SR signal, and 
residual of single component fit for the nitrogen-equilibrated sample containing 20 mM 

NiEDDA, respectively.   
 

 Figure 4.35 shows the Π parameters for both oxygen (circles) and NiEDDA (squares) 

for each n-doxyl-PC in the mammalian membrane.  Π(O2) values and Π(NiEDDA) values for 

n-doxyl-PC follow the expected trend; which is the same observed for the insect model 

membrane, including the “bending back” behavior of 16-doxyl-PC. 
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Figure 4.35.  Accessibility parameter Π versus label position for n-doxyl-PC in mammalian 
membrane (POPE:POPC 1:2 with 30% cholesterol).  Circles represent Π (O2) values and 

squares represent Π (NiEDDA) values.  All experimental error bars are smaller than the size 
of the data points. 

 

The distance of each label position from the bilayer surface is taken to be the same used 

for the insect membrane.  The depth parameter for each n-doxyl-PC is plotted against its 

distance from the bilayer surface and fit in the same way as discussed above.  Plot of the 

depth parameter vs. distance is shown in Figure 4.36.  One distinct difference from the insect 

calibration plot is that the two calibration curves intersect at around Φ=7, much higher than 

observed for the insect type membrane and previously published data.  This is partly due to 

lower Π(NiEDDA) values in the mammalian membrane compared to those of the insect 

membrane.  As already noted above, the presence of cholesterol creates a more non-polar 

environment, reducing the permeability of NiEDDA. It is also known that addition of 
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cholesterol increases oxygen transport, resulting in higher oxygen permeability in the center 

of the bilayer.   It was thought, based on previous studies, that the maximal value for the 

depth parameter is 4.5, however, cholesterol was not used in any of these studies, and its 

presence might account for this observation. 
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Figure 4.36.  Depth Parameter Φ for n-doxyl-PC in mammalian membrane (POPE:POPC 1:2 
with 30% cholesterol). All experimental error bars are smaller than the size of the data 

points.  Dashed line indicates the maximum theoretical value for Φ in this type of membrane. 
 

Just as was discussed above, we employed this calibration plot to determine the 

immersion depth of labeled positions of STM16 and STM18, inserted into the mammalian 

membrane.  Since we already have data suggesting that both STM16 and STM18 peptides 

aggregate on the surface of the mammalian membrane, 3 mM NiEDDA was used instead of 
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the 20 mM used for both calibrations and for the insect membranes.  If the nitroxides of the 

aggregated peptides are all located near the bilayer surface, the larger NiEDDA concentration 

would not be needed to induce measurable relaxation enhancement effects.  Oxygen 

accessibility was measured under the same normal air conditions as for the rest of the 

experiments.  For testing hypothesis that these peptides aggregate on the mammalian 

membrane surface, we have selected 3 labeled positions on each peptide.  For STM16, 

positions 7, 9, and 15 were selected, and for STM18, positions 2, 9, and 17 were selected.  

Figures 4.37 and 4.38 show SR signals recorded for STM16-9 and STM18-9, respectively.   
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Figure 4.37.  First 20 μs of SR signal for STM16-9 in mammalian membrane (POPE:POPC 
1:2 with 30% cholesterol).  Black solid line and dashed line are the SR signal, and residual of 
single component fit for the nitrogen-equilibrated sample, respectively.   Red solid line and 
dashed line are the SR signal, and residual of single component fit for the air-equilibrated 

sample, respectively.  Blue solid line and dashed line are the SR signal, and residual of single 
component fit for the nitrogen-equilibrated sample containing 3mM NiEDDA, respectively.   
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Figure 4.38.  First 20 μs of SR signal for STM18-9 in mammalian membrane (POPE:POPC 
1:2 with 30% cholesterol).  Black solid line and dashed line are the SR signal, and residual of 
single component fit for the nitrogen-equilibrated sample, respectively.   Red solid line and 
dashed line are the SR signal, and residual of single component fit for the air-equilibrated 

sample, respectively.  Blue solid line and dashed line are the SR signal, and residual of single 
component fit for the nitrogen-equilibrated sample containing 3mM NiEDDA, respectively.   

 

Figure 4.39 shows the Π(O2) and Π(NiEDDA) values for each of the three samples of 

STM16 and STM18 in the mammalian membrane.  Π(O2) for each position on both peptides 

are within the range of values between the values recorded for 7-doxyl-PC and 10-doxyl-PC 

in the calibration.  If either peptide exhibited a transmembrane conformation, we would 

expect the central positions on the peptide to have the higher accessibility to oxygen, for 

example, having a Π(O2) value closer to that of 12-doxyl-PC.   However, the experimental  

Π(NiEDDA) values recorded for both peptides clearly ruled out such an insertion.  Indeed, 

Π(NiEDDA) values for each position of both peptides were at least twice as large as the 

Π(NiEDDA) value for 5-doxyl-PC, even at the reduced concentration of 3 mM.  This large 
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accessibility to NiEDDA does indicate that the nitroxides all reside in a polar region of the 

bilayer, where NiEDDA has a high permeability coefficient. 
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Figure 4.39.  Π(NiEDDA) values for STM16 and STM18 labeled mutants in POPE:POPC 
1:2 membrane containing 30% cholesterol membranes.  Circles indicate Π (O2) values and 
squares indicate Π (NiEDDA) values.  Data shown in red is for STM16 mutants, while data 

in blue is for STM18 mutants.  Π (NiEDDA) values are normalized to the same 
concentration. 

 

Figure 4.40 shows the depth parameter, Φ, for the n-doxyl-PC samples (black), 

STM16 samples (red), and STM18 samples (blue).  Depth parameters were calculated based 

on Π(NiEDDA) values for peptides, normalized to the same concentration.  A depth 

parameter value of zero places the nitroxide at the bilayer surface.  For each label position of 

both peptides, the depth parameter were calculated to be less than zero, indicating that the 
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spin labels are situated just outside of the hydrophobic membrane interior, probably residing 

at the polar-headgroup/water interface. 
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Figure 4.40.  Depth parameters, Φ, for n-doxyl-PC (black), STM16 (red), and STM18 (blue).  
Spin label position is indicated by the x-axis and is not related to the depth of label within the 

membrane. 
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4.4. Investigation into the Effect of Cholesterol on Insertion/Aggregation of STM 
Mutants 

 
 

Spin-labeling EPR experiments strongly suggest that both STM16 and STM18 

peptides aggregate on the mammalian membrane surface, rather than insert in a 

transmembrane conformation.  Virus production for the TM-16 Virus mutant was shown to 

roughly 10,000 fold less in the mammalian membrane than the wild type Sindbis virus; 

however, virus production for the TM-18 mutant was not effected (Hernandez, et al., 2003).  

What is unclear from our experiments is why the transmembrane insertion of STM18 peptide 

is prohibited, when we know that the same mutation on the virus must achieve the correct 

insertion profile.  We must conclude that the inability of STM16 peptide to achieve the 

transmembrane insertion for the mammalian membrane explains the differential growth 

between the TM-16 virus mutant and the wild type virus; however, STM18 peptide also fails 

to achieve transmembrane insertion.  Why is it that both STM16 and STM18 aggregate on 

the mammalian membrane surface, when the virus production of the TM-18 virus mutant, 

and therefore its ability to form the correct transmembrane orientation, is unaffected?  The 

most obvious difference in the insect and mammalian membranes is the presence of 

cholesterol, which produces the greatest difference in physical properties between the two 

membrane types.  CW EPR experiments were carried out to probe the affect of cholesterol on 

each peptide’s ability to insert into a mammalian membrane. 

In order to acertain the effects of cholesterol an the physical properties of mammalian 

membranes, CW EPR spectra for each n-doxyl-PC were collected at room temperature for the 

mammalian type membrane containing no cholesterol, and the oxygen accessibility of the n-
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doxyl-PC’s were compared to those in the cholesterol containing membrane.  Figure 4.41 

shows the a series of EPR spectra for each n-doxyl-PC in this membrane type.  These spectra 

are similar to those recorded in the mammalian membrane containing 30% cholesterol.  

Mobility increases with distance from the bilayer surface, and all spectra appear as a single-

component. 
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Figure 4.41.  A series of room temperature CW EPR spectra of n-doxyl-PC, (n=5, 7, 10, 12, 
16) in mammalian membrane (POPE:POPC 1:2 with 0% cholesterol). 

 

Figure 4.42 shows oxygen accessibility parameter for each n-doxyl-PC in this 

membrane.  The presence of cholesterol affects the oxygen permeability profile within the 
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membrane, as seen by comparing the accessibility values for each n-doxyl-PC in the 

mammalian membrane with and without cholesterol.  Without cholesterol, oxygen 

accessibility for each position is similar to those in the insect membrane; the range of 

accessibility values is also about the same.  Positions near the polar head region have higher 

oxygen accessibility compared with the cholesterol containing membranes, and the positions 

nearest the center have lower values than in the cholesterol containing membrane. 
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Figure 4.42.  Linewidth broadening parameter obtained from O2 and N2 equilibrated spectra 
of n-doxyl-PC (n=5, 7, 10, 12, 16) in mammalian membrane (POPE:POPC 1:2 with 0% 

cholesterol). 
 

In order to determine how cholesterol affects membrane insertion of either peptide, 

we have recorded a series of spectra for both STM16 and STM18 labeled peptides at various 

cholesterol concentrations.  Spin labels with short inter-spin distances are dipolar and/or 

exchange coupled, and thus, exhibit additional broadening.  For samples where peptides are 

aggregated, the mean distance between the spin labels is much smaller than the distances 
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between normally inserted peptides, which are separated by the membrane’s phospholipids.  

For non-aggregated peptides at low peptide-to-lipid ratio (i.e. <1-3 mol %), magnetic 

interactions between nitroxides are negligible, and thus, in the case of normally inserted non-

aggregated peptides, no spectral broadening should be observed.  For aggregated peptides, or 

peptides assembled in bundles, the resulting spectra will be broadened by the magnetic 

interactions between the closely packed labels.  In order to determine the extent of the 

broadening, resulting from such an aggregation, we have designed an experiment in which 

samples contained fractions of labeled and unlabeled peptides.  Spectra for samples 

containing 100% labeled peptide will have the maximum amount of line broadening possible 

for that labeled position.  In order to compare the amount of dipolar broadening for different 

cholesterol concentrations, we have to extract a quantity related to the amount of the 

broadening observed for the 100% labeled peptide samples.  Spectra for samples comprised 

of 25% labeled and 75% unlabeled peptides were also recorded and then compared to spectra 

from 100% labeled peptides.  Spectra features from the 25% labeled peptides should be the 

same as for spectra from 100% labeled peptides, with the only difference being from the 

amount of broadening.  Ideally, the inter-spin distances between nitroxides for samples 

containing 25% labeled peptides would be larger than for the 100% labeled peptide samples.  

Fewer labels inherently mean larger distances between them, thereby less dipolar coupling, 

and less broadening of the spectrum.   

 Figure 4.43 shows room temperature CW EPR spectra for STM16 labeled at position 

2 in the POPE:POPC 1:2 membrane composition with different cholesterol concentrations.  

Spectrum from the sample with no cholesterol appears un-broadened by magnetic 
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interactions, and contains only a small amount of the fast motional component.  Spectra for 

cholesterol-containing samples, 10, 20, 25, or 30 mol% cholesterol, have significantly larger 

fraction of fast motional component, and the slow motional components appears broader than 

the control (0% cholesterol) spectrum.  
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Figure 4.43.  A series of room temperature CW X-band EPR spectra for STM16-2 in 
POPE:POPC 1:2 lipid bilayer containing 0%, 10%, 20%, 25%, and 30 mol%  of cholesterol 

is indicated to the right of the spectrum. 
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Figure 4.44 shows a series of room temperature CW EPR spectra for STM16 labeled 

at the position 9 in the POPE:POPC 1:2 membrane composition with different fraction of 

cholesterol.  The spectrum from the control sample containing no cholesterol appears as a 

single component, un-broadened by magnetic interactions.  The spectrum for sample 

containing 10 mol% cholesterol appears slightly broader that the spectrum for the control 

sample, and has a small amount of the fast motional component.  Spectra for the other 

cholesterol containing samples, 20, 25, or 30 mol% cholesterol, also show a very small 

contribution from a sharp, fast motional component, corresponding to either peptide in an 

aqueous phase or non-aggregated peptide not specifically associated with the bilayer.  The 

relative amount of the fast component is the same as seen in the spectrum for 10 mol% 

cholesterol.   
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Figure 4.44.  A series of room temperature CW X-band EPR spectra for STM16-9 in 
POPE:POPC 1:2 lipid bilayer containing 0, 10, 20, 25, and 30 mol% of cholesterol. 

 

Figure 4.45 shows a series of room temperature CW EPR spectra for STM16 labeled 

at the position 15 in the POPE:POPC 1:2 lipid bilayers containing different fractions of 

cholesterol.  Spectrum from the control sample with no cholesterol appears un-broadened by 

magnetic interactions, and contains only a small amount of the fast motional component.  

Spectra for the cholesterol-containing samples, 20, 25, or 30 mol% cholesterol, also have a 

fast motional component.  The fraction of this fast component is about the same as seen in 
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the spectrum for 10 mol% cholesterol, except for a slight increase in the intensity of the 

spectrum for the 30 mol% cholesterol-containing sample.  The spectral broadening appears to 

increase by a relatively small amount for the 20 mol% cholesterol-containing sample, as 

compared to the extent of broadening showing up in the spectra for the 25 mol% and 30 

mol% cholesterol samples. 
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Figure 4.45.  A series of room temperature CW X-band EPR spectra for STM16-15 in 
POPE:POPC 1:2 lipid bilayer containing 0, 10, 20, 25, and 30 mol% cholesterol. 

 

 Note that all of the spectra shown in Figures 4.43, 4.44, and 4.45 are for the samples 

containing 100% of the peptides labeled with MTSSL.  Spectra were also recorded for the 
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samples containing only 25 % of the peptides spin-labeled, and the method for extracting the 

difference in broadening between the two was described previously (Eq. 13, Chapter 2.4.2.).   

Examples of the fitting results for cholesterol concentrations of 0, 10, 20, 25, and 30 mol% 

are shown in Figures 4.46, 4.47, 4.48, 4.49, and 4.50, respectively, for STM16-2 in 

POPE:POPC 1:2.    
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Figure 4.46.  Room temperature CW X-band EPR spectra of STM16-2 in POPE:POPC 1:2 
with 0 mol% cholesterol; spectrum for 100% labeled peptide shown black, unbroadened 

spectrum for 25% labeled peptide shown in red.  Spectra are least squares fitted under the 
homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the bottom 
in green.  Difference in broadening is δ(ΔBL

p-p) ≅ 140 mG, is attributed an error introduced 
by fast motional component. 
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Figure 4.47.  Room temperature CW X-band EPR spectra of STM16-2 in POPE:POPC 1:2 
with 10 mol% cholesterol; spectrum for 100% spin-labeled peptide is shown in black, 

unbroadened spectrum for 25% labeled peptide is shown in red.  Fast motion component 
(blue) subtracted from the spectrum for 100% labeled peptide results in the “aggregated” 

spectrum (pink) used in the fit.  Subtraction of the fast motional component was also 
conducted for the 25% labeled peptide spectrum.  Spectra are least squares fitted under the 

homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the bottom 
in green.  Difference in broadening is: δ(ΔBL

p-p) ≅ 1200 mG. 
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Figure 4.48.  Room temperature CW X-band EPR spectra of STM16-2 in POPE:POPC 1:2 
with 20 mol% cholesterol; spectrum for 100% spin-labeled peptide is shown in black, 
unbroadened spectrum for 25% spin-labeled peptide is shown in red.  Fast motional 

component (blue) subtracted from the spectrum for 100% labeled peptide results in the 
“aggregated” spectrum (pink) used in the fit.  Subtraction of the fast motional component 
was also conducted for the 25% labeled peptide spectrum.  Spectra are least squares fitted 

under the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at 
the bottom in green.  Difference in broadening is: δ(ΔBL

p-p) ≅ 1600 mG. 
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Figure 4.49.  Room temperature CW X-band EPR spectra of STM16-2 in POPE:POPC 1:2 
with 25 mol% cholesterol; spectrum for 100% labeled peptide is shown in black, 

unbroadened spectrum for 25% spin-labeled peptide is shown in red.  Fast motional 
component (blue) subtracted from the spectrum for 100% labeled peptide results in the 

“aggregated” spectrum (pink) used in the fit.  Subtraction of fast motional component was 
also conducted for the 25% labeled peptide spectrum.  Spectra are least squares fitted under 

the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the 
bottom in green.  Difference in broadening is: δ(ΔBL

p-p) ≅ 2600 mG. 
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Figure 4.50.  Room temperature CW X-band EPR spectra of STM16-2 in POPE:POPC 1:2 

with 30 mol% cholesterol; spectrum for 100% labeled peptide is shown in black, 
unbroadened spectrum for 25% spin-labeled peptide is shown in red.  Fast motional 

component (blue) subtracted from the spectrum for 100% labeled peptide results in the 
“aggregated” spectrum (pink) used in the fit.  Subtraction of fast motional component was 

also conducted for the 25% labeled peptide spectrum.  Spectra are least squares fitted under 
the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the 

bottom in green.  Difference in broadening is: δ(ΔBL
p-p) ≅ 3200 mG. 

 

 The results of these fits indicate that when cholesterol is absent in the mammalian 

membrane, each STM16 position measured, 2, 9, and 15, exists in a non-aggregated form.  

The difference in broadening between the 25% and 100% spin-labeled samples for STM16-2 

was measured to be 170 mG.  The detection limit for the X-band spectrometer used in this 

experiment is roughly 50 mG.  Broadening for STM16-2 in the absence of cholesterol is very 

small compared to the amount initially measured for the samples containing 30 mol% 

cholesterol.  Such a small amount of broadening measured is attributed to error introduced by 

the fast motional component that overlaps the main, slow motional component, and we 

conclude that this peptide is not aggregated.  For STM16-9, the broadening between the two 
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spectra was non-existent.  As there is no fast-motional component overlapping the main 

spectrum, no error was introduced, and there is truly no difference in these spectra, proving 

that this peptide is not aggregated.  Both spectra for STM16-15 do contain the fast-motional 

component that introduced error into the fit.  The spectra appear narrow, and unbroadened, 

however, the difference was measured to be 350 mG.  This value also low compared to the 

results of samples in 30% cholesterol membrane, therefore we attribute this value to the error 

introduced by the fast-motional component, and conclude that this peptide is also not 

aggregated in this membrane. 

While the spectra for samples containing no cholesterol have almost no broadening 

difference, the 10, 20, 25, and 30 mol% cholesterol-containing samples yield spectra with a 

significant difference in broadening.  We are using a one-parameter fitting program to extract 

the difference in broadening, which is not an accurate method when comparing spectra that 

comprised of super positions of spectra from labels with different dipolar and/or exchange 

interactions.  As not every nitroxide is in the same environment, and therefore is 

experiencing different interactions between neighboring nitroxides, this fitting method does 

not provide accurate values for the broadening difference.  However, it is still capable of 

assessing whether significant broadening is present in the spectra. Such a broadening is 

proportional to the extent of the peptide aggregation.    

Figure 4.51 shows the plot of difference in broadening, δ(ΔBL
p-p), vs. cholesterol 

concentration for STM16-2, STM16-9 and STM16-15.  Spectra for all the positions in the 

absence of cholesterol show little to no broadening difference.  The differences in broadening 

increase with the concentration of cholesterol, and the dependence is nearly linear.  The 
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STM16 peptides start to aggregate in the presence of just 10 mol% cholesterol concentration, 

therefore, we conclude that it is the presence of cholesterol in the membrane that inhibits its 

ability to achieve the proper transmembrane orientation.  The reduction in virus production 

for the TM-16 virus mutant can be attributed to this fact. 
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Figure 4.51.  Homogeneous (Lorentzian) broadening δ(ΔBL
p-p) between 100% and 25% 

labeled samples vs. cholesterol concentration for STM16-2 (black circles), STM16-9 (red 
squares) and STM16-15 (blue triangles) in POPE:POPC 1:2. 

 

The same experimental and data processing procedures were utilized to investigate 

the effect of cholesterol on the insertion of STM16 as for STM18.  A series of spectra were 

recorded for STM18-5, STM18-9, and STM18-17, in membranes with 0, 10, 20, 25, or 30 

mol% cholesterol.  For each position and the cholesterol concentration, the EPR spectra were 

recorded for samples prepared with 25% labeled peptides, and compared to those recorded 
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for samples prepared with 100% labeled peptides, and difference in broadening was 

extracted.  Examples of the fitting results for cholesterol concentrations of 0, 10, 20, 25, and 

30 mol% are shown in Figures 4.52, 4.53, 4.54, 4.55, and 4.56, respectively, for STM18-9 in 

POPE:POPC 1:2. 
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Figure 4.52.  Room temperature CW X-band EPR spectra of STM18-9 in POPE:POPC 1:2 
with 0 mol% cholesterol; spectrum for 100% labeled peptide is shown black, unbroadened 

spectrum for 25% spin-labeled peptide is shown in red.  Spectra are least squares fitted under 
the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the 
bottom in green.  Difference in broadening is δ(ΔBL

p-p) ≅ 58 mG, is attributed to an error 
introduced by a small fraction of the fast motional component, that is noticeable in the 

residual. 
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Figure 4.53.  Room temperature CW X-band EPR spectra of STM18-9 in POPE:POPC 1:2 
with 10 mol% cholesterol; spectrum for 100% labeled peptide is shown black, unbroadened 

spectrum for 25% spin-labeled peptide is shown in red.  Spectra are least squares fitted under 
the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the 

bottom in green.  Difference in broadening is δ(ΔBL
p-p) ≅ 120 mG. 
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Figure 4.54.  Room temperature CW X-band EPR spectra of STM18-9 in POPE:POPC 1:2 
with 20 mol% cholesterol; spectrum for 100% labeled peptide is shown in black, 

unbroadened spectrum for 25% spin-labeled peptide is shown in red.  Fast motional 
component (blue) subtracted from the spectrum for 100% labeled peptide results in the 

“aggregated” spectrum (pink) used in the fit.  Subtraction of fast motional component was 
also conducted for the 25% labeled peptide spectrum.  Spectra are least squares fitted under 

the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the 
bottom in green.  Difference in broadening is: δ(ΔBL

p-p) ≅ 400 mG. 
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Figure 4.55.  Room temperature CW X-band EPR spectra of STM18-9 in POPE:POPC 1:2 
with 25 mol% cholesterol; spectrum for 100% labeled peptide is shown black, unbroadened 

spectrum for 25% spin-labeled peptide is shown in red.  Spectra are least squares fitted under 
the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at the 

bottom in green.  Difference in broadening is δ(ΔBL
p-p) ≅ 1600 mG. 
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Figure 4.56.  Room temperature CW X-band EPR spectra of STM18-9 in POPE:POPC 1:2 
with 30 mol% cholesterol; spectrum for 100% labeled peptide is shown in black, 

unbroadened spectrum for 25% spin-labeled peptide is shown in red.  Fast motional 
component (blue) subtracted from the spectrum for 100% labeled peptide results in the 

“aggregated” spectrum (pink) used in the fit.  Subtraction of fast motional component was 
also conducted for the 25% spin-labeled peptide spectrum.  Spectra are least squares fitted 

under the homogenous (Lorentzian) broadening assumption.  Residual of the fit is shown at 
the bottom in green.  Difference in broadening is: δ(ΔBL

p-p) ≅ 4300 mG. 
 

 

 When we investigated the amount of spectral broadening, and therefore the extent of 

aggregation of STM16 in the presence of different fractions of cholesterol, we found that 

STM16 started to aggregate in the presence of 10% cholesterol.  For STM18, however, the 

same effect of cholesterol is not observed until the concentration is raised to 20 mol% for 

position 5, 25 mol% for the position 9, and very little effect is seen for the position 17.  

Figure 4.57 shows the difference in broadening, δ(ΔBL
p-p), vs. cholesterol concentration for 

STM18-5, STM18-9 and STM18-17.  The spectra for this series of samples were recorded 

first at high cholesterol concentrations, before the intermediate concentrations.  For STM18-
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17, there appears to be almost no aggregation in membranes containing 20, 25, or 30 mol% 

cholesterol, so there was no reason to measure the broadening at lower concentrations.  This 

is the only spin-labeled position of STM18 that does not show an extent of additional 

magnetic interactions between nitroxides when the peptide is in a cholesterol containing 

membrane.  As the position 17 is the closest to the most polar region of the peptide, the 

nitroxides are kept further apart than the positions of the peptides central region.  Even if this 

peptide does aggregate, dipolar interactions between the nitroxides at the position 17 would 

be very small because of its location adjacent to the polar lysine residues on the N-terminus.  

Data for the position 5 of STM18 shows a slight increase in the broadening at 10 mol% 

cholesterol, then a large increase in broadening at 20 mol% cholesterol.  For 25 mol% and 30 

mol% cholesterol samples, the broadening is increased slightly, but it appears that 20 mol% 

is the threshold concentration at which the peptide starts to aggregate.  The aggregation of 

STM18-9 does not start happening until the cholesterol concentration is raised to 25 mol%, 

however, not to the same extent as seen for STM18-5.  At 30 mol% cholesterol, however, the 

difference in the broadening increases sharply, and is similar to the amount measured for 

STM18-5 for this cholesterol concentration.   
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Figure 4.57.  Homogeneous (Lorentzian) broadening δ(ΔBL
p-p) between 100% and 25% 

labeled samples vs. cholesterol concentration for STM18-5 (black circles), STM18-9 (red 
squares) and STM18-17 (blue triangles) in POPE:POPC 1:2. 

 

 Obviously, cholesterol inhibits the ability of STM16 to insert to a greater extent than 

it inhibits STM18’s ability to insert into the mammalian membrane.  We propose that the 

greater effect of cholesterol observed for the STM16 insertion is the reason that the TM-16 

virus mutant shows a decreased virus production versus the wild type.  While we observed 

that STM18 does aggregate in the presence of cholesterol, higher concentrations are required 

to induce aggregation.  Cholesterol is not distributed evenly throughout the mammalian 

membranes; instead, there are regions of varying concentration.  It is possible that the 

transmembrane insertion of the TM-18 virus mutant is accomplished by selectively inserting 

through regions of the host cell membrane where cholesterol concentration is lower than the 

average.  The differential growth of virus between the TM-16 and TM-18 virus mutants 
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could be attributed to the difference in ability for the STM16 and STM18 peptides to insert 

properly in the presence of cholesterol. 

 181



REFERENCES 

Altenbach, C., Greenhalgh, D. A., Khorana, H. G., and Hubbell, W. L., 1994.  A collision 
gradient method to determine the immersion depth of nitroxides in lipid bilayers: application 
to spin-labeled mutants of bacteriorhodopsin.  Proc. Natl. Acad. Sci. U.S.A. 91: 1667-1671. 

Boyd, D., Schierle, C., and Beckwith, J., 1998. How many membrane proteins are there? 
Protein Sci., 7: 201-205. 

Compton, L.A. and Johnson, W.C., Jr. 1986. Analysis of protein circular dichroism spectra 
for secondary structure using a simple matrix multiplication. Anal. Biochem. 155: 155-167. 

Hernandez, R., Sinodis, C., Horton, M., Ferreira, D., Yang, C., and Brown, D. T., 2003. 
Deletions in the Transmembrane Domain of a Sindbis Virus Glycoprotein alter Virus 
Infectivity, Stability and Host Range. J. Virol. 77: 12710-12719 

Nielson, R. D., Kepeng, C., Gelb, M. H., and Robinson, B. H., 2005. A Ruler for 
Determining the Position of Proteins in Membranes. J. Am. Chem. Soc. 127: 6430-6442. 
 
Smirnov, A. I. 2008. Post-processing of EPR spcectra by convolution filtering: Calculation of 
a harmonics’series and automatic separation of fast-motion components from spin-labeled 
EPR spectra. J. Magn. Res. 190: 154-159. 
 
White, S. H., and Wimley, W. C., 1994. Peptides in lipid bilayers: structural and 
thermodynamic basis for partitioning and folding. Curr. Opin. Struct. Biol. 4: 79-86. 
 
Yeagle, P. L., and Lee, A. G., 2002. Membrane protein structure. Biochim. Biophys. Acta, 
1565: 143-146. 
 

 

 182



CHAPTER 5 

Conclusions 

 

 

5.1. Sec14p Experimental Conclusions 

5.1.1. Analysis of the Properties of the Sec14p Phospholipid Binding Pocket 

 

We have demonstrated that Sec14p effectively binds n-doxyl-PC molecules and have 

recorded CW EPR spectra that are informative about the mobility and anisotropy of motion 

for each labeled position.  Analysis of these spectra indicates that the spin label mobility 

increases with distance from the polar-head region of PC when bound to Sec14p.  This 

increase in mobility is accompanied by a decrease in anisotropy of motion.  Results show that 

Sec14p invests in tighter interactions with the polar-head region of bound phospholipid than 

the distal region of the acyl chains.  The restricted motion of the phospholipid can be due to 

contact with the walls of Sec14p’s binding pocket.  While the mobility does increase with 

distance from the polar heads region, it is highly anisotropic and strongly restricted.   

Accessibility measurements of n-doxyl-PC bound to Sec14p show that positions 5 

through 12 are strongly shielded from the hydrophilic broadening agent, NiEDDA.  The 

distal end of the sn-2 acyl chain does however exhibit limited accessibility to NiEDDA. 
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5.1.2. Hydrophobic Matching Between Sec14p Binding Pocket and Membrane Bilayer 

 

HF EPR experiments provide evidence for an electrostatic polarity gradient within the 

phospholipid-binding pocket that matches the environment of a membrane bilayer.  A series 

of calibration experiments conducted for 5-doxyl-SA in various solvents of differing polarity 

and procticity.  These calibrations show that at magnetic fields corresponding to frequencies 

above 130 GHz, spectral features arising from hydrogen-bonded and non-hydrogen-bonded 

form of the nitroxide become clearly resolved in the gx region of the spectra.  Least-squares 

simulations allowed us to estimate that the formation of single hydrogen-bonds shifts the gx 

component by –6.0 x 10-4 to –6.6 x 10-4, depending on solvent.  We used this two-component 

model to analyze the 130 GHz spectra for Sec14p-bound n-doxyl-PC’s. In addition, we show 

that the fraction of hydrogen-bonded forms can be determined from the spectral simulations, 

and in turn can be used to characterize the procticity profile within the binding pocket.  We 

have developed a new methodology for deconvoluting the overlapping components in the gx 

region of HF EPR spectra, corresponding to the hydrogen-bonded and non hydrogen-bonded 

species.  This analysis showed that positions C5 and C7 exist in a more polar and highly 

protic environment, with nitroxides at both positions being almost completely hydrogen-

bonded.  The polarity decreases down the chain, as does the extent of hydrogen bonding.  

The distal end of the sn-2 acyl chain is found to be in the most polar and protic region of the 

biding pocket, with position 16 being completely hydrogen-bonded.  This is also consistent 

with the NiEDDA accessibility at this region.  These experiments also suggest that hydrogen 

bonds formed by nitroxides are stearically restricted inside the binding cavity.  This is 
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observed as a deviation in the gx component for Sec14p-bound n-doxyl-PC spectra, compared 

to that measured in pure solvent.  Taken together, the accessibility and HF EPR 

measurements indicate that the configuration of the electrostatic gradient within the binding 

pocket is consistent with a headgroup-out orientation of the PC molecule.  We believe that 

this gradient is what allows Sec14p to extract a phospholipid from a membrane bilayer in an 

energy-independent manner.   

 

5.2. Sindbis Virus Transmembrane (STM) Peptide Experimental Conclusions 

 

We have conducted both CW EPR oxygen accessibility measurements and Saturation 

Recovery EPR accessibility experiments to investigate the insertion profiles of synthetic 

peptides (STM16 and STM18) corresponding to the sequences of the transmembrane 

domains of two Sindbis virus mutants (TM-16 and TM-18), within insect and mammalian 

type membranes.  The results demonstrate that both STM16 and STM18 peptides exhibit 

transmembrane insertion into the insect membrane mimic.  These results help to explain the 

virus production results measured for the Sindbis virus mutants, TM-16 and TM-18.  Both 

the TM-18 and TM-16 virus mutants show approximately the same infectivity as the wild 

type virus.   

Also, we demonstrated that both STM16 and STM18 peptides aggregate on the 

surface of a cholesterol containing, mammalian membrane mimic, rather than span the 

bilayer.  While the infectivity of the TM-18 virus mutant is the same in the mammalian 

membrane as the wild type virus, the TM-16 mutants infectivity is greatly reduced.  We have 
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shown through a detailed study of the effect of cholesterol on the insertion/aggregation of the 

STM16 and STM18 peptides, that STM16 transmembrane insertion is inhibited to a greater 

extent by cholesterol than the STM18 peptide.   The presence of cholesterol changes the 

physical properties of the membrane, placing larger constraints on STM16 peptide’s, ability 

to achieve proper insertion, as compared to STM18.  While STM18 is shown to also 

aggregate on the bilayer surface, rather than span the membrane, it is able to correctly insert 

under lower concentrations of cholesterol.  We propose that the virus production of the TM-

18 virus mutant remains the same as the wild type virus because it selectively inserts into 

regions of the bilayer where cholesterol concentration lowered.   
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