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Abstract 

With the rapid growth of antibiotic resistance, it is imperative that new drugs are 

developed which target novel pathways. The lipoprotein processing pathway is a novel 

pathway for antibiotic drug targeting as the enzymes involved, Lgt, LspA, and Lnt, are 

essential in some organisms including E. coli, S. enterica, M. tuberculosis, and S. 

coelicolor, and have no mammalian homologs. Lipoproteins are characterized by an N-

terminal lipid moiety that serves as a membrane anchor, and serve a wide range of functions 

including in signal transduction, stress sensing, virulence, cell division, sporulation, 

nutrient uptake, antibiotic resistance, adhesion, and trigger the activation of host innate 

immune responses. If lipoproteins are not processed correctly they cannot serve these vital 

functions and the bacteria will be compromised. Lipoprotein signal peptidase (LspA) is an 

aspartyl protease that carries out the second step in the lipoprotein processing pathway - 

cleaving the transmembrane helical signal peptide of lipoproteins after lipidation by Lgt. 

Lipoprotein signal peptidase (LspA) has been identified as an antibiotic drug target 

as it targets a novel pathway, is essential in some bacteria, and does not have a mammalian 

homolog. The crystal structure of LspA has been determined in complex with the antibiotic 

globomycin. However, the apo and lipoprotein substrate bound structures of LspA have 

remained elusive. We propose that there are conformational dynamics of LspA in which 

the b-cradle and PH domains “open” to allow the substrate to enter the active site, or 

“close” to hide the charged residues of the active site from the surrounding hydrophobic 

membrane. This hypothesis is investigated using electron paramagnetic resonance (EPR) 

studies and molecular dynamics (MD) simulations. This hybrid approach allows for 

visualization of structures consistent with experimental EPR restraints. 
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In order to efficiently develop drugs to target novel proteins, it is essential to have 

a biological, quantitative, reproducible, and high-throughput activity assay to test the 

effectiveness of the developed therapeutics. An activity assay is currently lacking for LspA. 

Here, a LspA activity assay is sought that will be used to gain a deeper understanding of 

the protein’s mechanism, test requirements for LspA activity, and ultimately be used to test 

the efficiency of inhibitors in future antibiotic development.  

Membrane proteins, including LspA, hold a wide variety of essential functions and 

comprise a large percentage of drug targets. However, in order to study membrane proteins 

in vitro, a membrane mimetic must be used. This membrane mimic must shield the 

hydrophobic transmembrane residues of the membrane protein so that it is stable and able 

to be studied in an aqueous environment. Here, work to better characterize bicelle systems 

used to study membrane proteins will be described. The classically described bicelle 

contains a central disk-shaped lipid bilayer encircled by a rim of detergents which screen 

the hydrophobic lipid tails from water. Characterization of DMPC/DHPC bicelles, 

including bicelle shape and lipid/detergent mixing, is investigated via SAXS, SANS, MD 

and fluorescence anisotropy. 
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CHAPTER 1. INTRODUCTION 

1.1 Introduction to the Study of Proteins 

1.1.1 Proteins 

Proteins are highly diverse biomolecules which sustain all living organisms. They 

have a broad range of functions including maintaining structural stability, producing 

energy, catalyzing reactions, and sending and receiving signals in the cell. Thus, many drug 

therapies target specific proteins. The human proteome contains approximately 20,000 

proteins, but accounting for alternative splicing and polymorphisms, scientists estimate that 

there may be up to 6 million unique human protein species.1 In humans, each cell contains 

a specific variety of approximately 2 billion protein molecules.2 Thus, to understand the 

human body and to target human diseases, it is imperative for researchers to determine the 

structure and function of each of these proteins.   

Proteins are made up of a specific combination of amino acids connected through 

peptide bonds. The amino acid sequence, or primary structure, of a protein is dictated by a 

DNA sequence encoded in the organism’s genome. Sequential amino acids in a protein can 

fold into secondary structural elements called 𝛼-helices and b-sheets. The subsequent 

folding of these structural elements determines the proteins overall three-dimensional 

structure or tertiary structure. The orientation of multiple bound proteins defines the 

quaternary structure. Understanding a protein’s structure is critical to understanding the 

protein’s biological function. X-ray crystallography, nuclear magnetic resonance (NMR), 

and more recently cryo-electron microscopy (cryo-EM) are common techniques used to 

determine high resolution protein structure.  
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1.1.2 Protein Dynamics 

In addition to protein structure, it is essential to understand a protein’s movements 

or dynamics to understand its function and mechanism of action. Protein dynamics are 

dictated by the probability of distinct bond orientations or conformational states and the 

energy barriers between these states. These phenomena are understood by thermodynamics 

and kinetics, respectively. Protein dynamics can be divided into two classes: protein 

fluctuations and conformational dynamics (Figure 1.1).3 
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Figure 1.1. Timescale of protein motions. Adapted from Henzler-Wildman and Kern 

(2007), with permission.3 
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1.1.2.1 Protein Fluctuations 

Protein motions that occur on a ‘fast’ timescale and result in structurally similar 

states define protein fluctuations. These movements have low (1 kT) energy barriers and 

occur within the energy wells of each conformational dynamic state. Backbone and loop 

motions occur on a nanosecond timescale, sidechain rotations occur on a picosecond 

timescale, and bond vibrations occur on a femtosecond timescale (Figure 1.1).3 The overall 

size and structure of a protein, as well as its conformational dynamics, influence the 

timescale on which these motions occur.4 Protein fluctuations are important for the overall 

stability of the protein and for ligand and protein interactions.4 Fluctuations in a protein 

binding pocket allow the protein to complement the shape of the binding partner and 

facilitates efficient binding.3,4 

Atomic displacement can be analyzed through X-ray diffraction data and is 

expressed as the B factor.3,5 However, NMR relaxation data is most commonly used to 

probe dynamics on these timescales and is reported as an order parameter (S2).6–9 

Molecular dynamics simulations are also a strong technique for studying protein 

fluctuations as they are usually completed at this timescale and can give insight to the local 

energies and interactions in the protein.3 Continuous wave electron paramagnetic 

resonance (CW-EPR) can be used to measure local motions by reporting the rotational 

correlation time of the spin label in the ps to ns timescale.10–13 CW-EPR will be further 

discussed in Chapter 2. 
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1.1.2.2 Conformational Dynamics 

Conformational dynamics are structural rearrangements of a protein into different 

distinct states. These states are separated by large energy barriers (several kT), and are 

therefore relatively rare and occur on a ‘slow’ timescale from microseconds to seconds 

(Figure 1.1).3 Most conformational dynamics occur between protein domains and are 

described as hinge or shear motions.14 Many important biological processes occur by 

conformational dynamics including enzyme catalysis, signal transduction, and protein 

interactions.3  

Different conformational dynamic states can be determined by X-ray 

crystallography or cryogenic electron microscopy (cryo-EM) by trapping one state at a 

time. Small-angle X-ray scattering (SAXS) or small-angle neutron scattering (SANS) can 

give information about the ensemble of states, although in lower resolution. NMR gives 

both structural information about different states as well as information about the timescale 

of dynamics through relaxation experiments. Probe based experiments such as florescence 

resonance energy transfer (FRET) and double electron electron resonance (DEER) can also 

give information about various conformational states by determining a distance distribution 

between different points in the protein.3,10,14,15 DEER spectroscopy will be further 

discussed in Chapter 2. 

 

1.1.3 Membrane Proteins 

Proteins are classified as soluble or membrane proteins. Soluble proteins reside in 

the aqueous environment of the cell and fold such that their hydrophobic residues are 

buried in the core of the protein excluded from the polar environment. Membrane proteins, 
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on the other hand, bury their hydrophobic residues within a lipid bilayer. This thesis is 

focused on the structure and function of membrane proteins. 

Membrane proteins make up about 20-30% of an organism’s coding genome and 

serve a wide range of functions including as receptors, transporters, and enzymes.16 Over 

half of current pharmaceuticals target membrane proteins, yet they constitute less than 2% 

of known protein structures in the protein data bank (PDB).17,18 This disparity comes from 

the difficulty in studying membrane proteins due to the need to reconstitute the protein in 

a membrane mimetic.19  For example, the first soluble protein structure of myoglobin was 

determined by X-ray crystallography in 1958, but it took until 1985 for the first membrane 

protein structure to be determined.20,21 However, recent advances in membrane protein 

expression and purification, crystallography, NMR, and cryo-EM techniques have resulted 

in an accelerated pace for membrane protein structural and functional characterization in 

recent years.22–24  

Membrane proteins can be further classified as 1) integral membrane proteins or 2) 

membrane associated or peripheral membrane proteins (Figure 1.2).  

Integral membrane proteins completely transverse the lipid bilayer and serve a 

variety of functions including in ion transport, cell signaling, nutrient intake, and as 

membrane bound enzymes. b-barrel proteins are integral membrane proteins made up of 

8-26 antiparallel b-strands that twist to form a closed barrel structure, most with 

hydrophobic residues positioned toward the membrane and hydrophilic residues toward 

the interior.18,25–27 They are only found in the outer-membranes of gram-negative bacteria, 

mitochondria, and chloroplasts.25 The majority of integral membrane proteins (~83%) are 

made of one (bitopic) or more (polytopic) a-helices. These proteins generally have 
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hydrophobic residues in the transmembrane region and hydrophilic residues outside of the 

membrane. Lipoprotein signal peptidase (LspA), the subject of this thesis described in 

Chapters 3 and 4, is an example of a polytopic a-helical integral membrane protein.28  

Peripheral membrane proteins are proteins which interact with the membrane, but 

do not completely transverse it. Such membrane interactions could be through an 

amphipathic a-helix perpendicular the to the membrane, an electrostatic or ionic 

interaction with the membrane headgroups, or by an interaction with a covalently bound 

lipid. Peripheral membrane proteins play important physiological roles including in 

bacterial virulence, nutrient uptake, cell signaling, antibiotic resistance, and triggering 

innate immune responses.29,30 Lipoproteins, the substrates of LspA described in greater 

detail in the section 1.2.1, are peripheral membrane proteins anchored to the membrane by 

a lipidation modification.31 
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Figure 1.2. Membrane protein classification. Membrane proteins can be classified as 

integral membrane proteins which span the membrane (depicted by gray lines) and can be 

helical (left, orange) or b-barrel (middle, blue), or peripheral membrane proteins which are 

associated with the membrane, but do not span it (right, green).  
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1.1.4 Membrane Mimetics 

When membrane proteins are studied, a membrane mimetic must be used to 

recapitulate the membrane environment. This membrane mimic must shield the 

hydrophobic transmembrane residues of the membrane protein so that it is stable and able 

to be studied in an aqueous environment. Membrane mimetics include micelles, bicelles, 

nanodiscs, amphipols, lipodisq (or SMALPs), and liposomes.32 Each mimetic has their own 

advantages and disadvantages, but the consequences of the mimetic on protein fold and 

function is still largely unknown. We will focus on micelles and bicelles as they were used 

in this work and will be discussed in Chapters 3-5 (Figure 1.3). 
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Figure 1.3. Schematic of micelles and bicelles. Micelles (A) are made of detergents (light 

blue headgroups and gray acyl tails) while bicelles (B) are made up of a bilayer of lipids 

(dark blue headgroups and gray acyl tails) surrounded by detergent. Representative 

membrane protein shown in orange. 
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1.1.4.1 Micelles 

The simplest, though not simple at all, membrane mimetic is a detergent micelle. A 

detergent molecule is amphipathic with a polar headgroup and a hydrophobic hydrocarbon 

tail. Detergents self-assemble into micelles when their concentration is at or above the 

detergent-specific critical micelle concentration (CMC). The hydrophilic headgroups form 

the solvent-exposed outer shell of the micelle while the hydrophobic tails form the middle 

core of the micelle (Figure 1.3A). When membrane proteins are solubilized in detergent 

micelles their hydrophobic transmembrane regions reside in the micelle surrounded by the 

detergent tails, and their hydrophilic loops extend into the surrounding aqueous 

environment (Figure 1.3A).32,33 

Detergents can be categorized as ionic, bile acid salts, nonionic, or zwitterionic 

(Figure 1.4). Ionic detergents have a charged headgroup which can be either positive 

(cationic) or negative (anionic). Ionic detergents in general are good at solubilizing 

membrane proteins but can be denaturing.19 Bile acid salts are also ionic, but they are 

composed of rigid steroidal groups. Nonionic detergents have uncharged headgroups and 

are thought to be a more mild detergent. Lastly, zwitterionic detergents contain both a 

positive and negative charge in their headgroups for a net neutral charge.19 Additionally, 

detergents can have various numbers of carbons in their tails. The micelle used most in this 

work is composed of dodecylphophocholine (DPC, FC12) detergent which has a 

zwitterionic phosphocholine headgroup and a single 12-carbon tail. 

Characterization of detergent aggregates was pioneered by Charles Tanford in the 

1970s.34 The CMC value, aggregation number (N, number of detergent monomers per 

micelle), and properties of the micelle are dependent upon the properties of the detergent 
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headgroup and tail.19,33,35,36 For example, for the same headgroup, detergents with longer 

tails have smaller CMC values, larger N values, longer headgroup to headgroup distances, 

larger volumes, and form more stable micelles.32,34,35 Specifically, the volume (V) 

increases with the number of alkyl chain carbons (nc) according to Tanford’s formula: 

V=27.4+26.9*nc.34 Properties of the headgroup dictate micelle shape and ellipticity. 

Negatively charged head groups such as lysophosphatidyl glycerols form spherical 

micelles, non-ionic headgroups such as glucosides and maltosides form oblate micelles, 

and zwitterionic headgroups such as phosphocholines form prolate micelles (Figure 1.5).35 

Mixed micelles, which contain two or more detergents, can also be used. Micelle properties 

such as size scale linearly with detergent mole ratio, so in theory micelles can be made for 

specific requirements.37 
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Figure 1.4. Types of detergents. A) Ionic detergents contain a charge. B) Bile acid salts 

also are charged and have rigid steroid groups. C) Non-ionic detergents are not charged. 

D) Zwitterionic detergents contain both a positive and negative charge and are thus net 

neutral. Figure reprinted from Seddon et al. (2004), with permission. 
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Figure 1.5. Micelle shapes. Micelles can form spherical (right), prolate (middle), or oblate 

(left) structures. The darker blue represents the outer shell where the headgroups reside and 

the light blue represents the core where the tails reside.  
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1.1.4.2 Bicelles 

Bicelles are formed by a mixture of lipid and detergent molecules. Lipids occupy a 

cylindrical volume while detergents occupy a conical volume (Figure 1.6). Thus, when 

lipids and detergents self-associate they form a disk-like planer core of lipid surrounded by 

a rim of detergent molecules (Figure 1.3). This phenomena was first reported in 1984,38,39 

and since bicelles have been structurally characterized by methods such as small angle 

neutron scattering and NMR.40,41,50–54,42–49 One such investigation will be presented in 

Chapter 5.  

Bicelles are characterized by the ratio of lipid to detergent monomers which is 

called the q-value. The size and shape of bicelles is dependent on the q-value, structure of 

the detergent and lipid components, concentration of amphiphiles, and experimental 

temperature.42,44,46,47,54,55 The most commonly used bicelle is made of 

dimyristoylphosphatidylcholine (DMPC) long chain lipid, and 

dihexanoylphosphatidylcholine (DHPC) short chain lipid (which mimics a detergent in its 

conical shape).32,33,56 Other detergents commonly used to form bicelles include CHAPS, 

CHAPSO, and Cyclofos-6.32,47,57,58 PEGylated lipids or cholesterol have also been added 

to modulate lipid diffusion in the bicelle.57,59 

Bicelles with low q-values (< 0.7; also known as fast-tumbling “isotropic” bicelles) 

have been used to study polytopic integral membrane proteins by NMR.41,45,50,60 Several of 

these studies suggest that the stabilization of membrane protein fold is due to the more 

“bilayer” nature of bicelles compared to micelles. That is, the segregated lipid core in 

bicelles is more similar in structure to the native membrane. The bilayer nature of bicelles 

is still under debate,40 but bicelles are seen to improve sample stability of membrane 
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proteins and in some cases increased protein activity compared to micelles.32,61,62 Detergent 

– lipid segregation of low-q DMPC/DHPC bicelles is examined in detail in Chapter 5 to 

determine if these bicelles are truly “bilayer like”.40 
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Figure 1.6. Schematic of bicelle formation. Detergents (A) occupy a conical volume 

while lipids (B) occupy a cylindrical volume. When detergents and lipids self-associate 

into an ideal bicelle (C) they form a planer core of lipids surrounded by a ring of detergent 

molecules.  
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1.1.4.3 Other membrane mimetics 

Nanodiscs are made up of phospholipids which assemble into a bilayer-like 

domain, surrounded by two membrane scaffolding proteins (MSPs) which wrap around 

and shield the hydrophobic regions of the lipids.63–65 The choice of MSP used dictates the 

size (diameter) of the nanodisc which ranges from 8 to 16 nm, with the most commonly 

used around 10 nm.32,65,66 Various lipids or lipid mixtures can be used including DMPC, 

E.coli lipids, and egg phosphocholine lipids.65 Nanodics are used in a wide variety of 

membrane protein studies including in NMR, fluorescence polarization studies, and other 

assays such as pull-downs or immunoprecipitation.66  

Amphipols are amphiphathic polymers that surround a membrane protein’s 

hydrophobic transmembrane region.32,33,67–69 Different amphipols have various attached 

hydrophobic moieties including carboxylate, sulfonate, and glucose groups.67 The 

advantage to using amphipols is that detergents are not used which can be denaturing to 

some proteins. Thus, amphipols are thought to be more stabilizing for membrane proteins 

and may allow for the retainment of bound native lipids.32,33,67,68 Amphiphols are useful in 

biological applications where detergents are otherwise problematic such as in isothermal 

titration calorimetry (ITC) or surface plasmon resonance (SPR), and are also useful for 

many other techniques used to determine structural and functional information about 

membrane proteins.67,70 

The most recent development in membrane protein mimetics are styrene-maleic 

acid (SMA) copolymers. SMA copolymers surround and stabilize patches of lipid bilayers 

to form lipodisqs or SMA lipid particles (SMALPs). SMA copolymers are similar to MSPs, 

but they are advantageous because they do not require the use of detergents and can extract 
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membrane proteins directly from biological membranes.32,68,71,72 As SMALPs are quite 

new, their applications are still being explored. 

Liposomes are spherical lipid bilayer vesicles. Different types of lipids can be used 

to modulate the charge, hydrophobic thickness, and size of the liposome.73 Extrusion can 

also be used to control for size homogeneity.19,32 While liposomes are a good mimic of the 

native membrane, even the smallest liposomes (called small unilamellar vesicles, SUVs) 

are very large compared to the other mimetics, with a diameter around 50 nm and a weight 

of around 17 MDa. Therefore, liposomes cannot be successfully used with techniques such 

as solution NMR.32,73 Liposomes are widely used in a variety of biophysical techniques to 

study membrane proteins including in EPR and fluorescence experiments.10 Liposomes can 

also be used as a drug delivery system.74  

 

1.2 Lipoproteins and the Lipoprotein Processing Pathway 

1.2.1 Lipoproteins 

Lipoproteins are characterized by an N-terminal lipid modification that serves as a 

membrane anchor.75 Lipoproteins in gram-positive bacteria reside in the cytoplasmic 

membrane facing the exterior, while lipoproteins in gram-negative bacteria can reside in 

the inner membrane facing the periplasm or the outer membrane facing the periplasm or 

on the cell surface (Figure 1.7).75  When lipoproteins are synthesized (termed 

preprolipoproteins prior to processing) they contain a signal peptide consisting of a positive 

n-region, a hydrophobic h-region, and a four amino-acid lipobox (or c-region) with the 

consensus amino acid sequence [LVI][ASTVI][GAS][C] (Figure 1.8). The last cysteine 

residue of the lipobox becomes dagylated during lipoprotein processing resulting in the 
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mature lipoprotein (see section 1.2.2). The amino acids directly following the lipobox (+2 

to +4 with the lipobox cysteine being +1) act as a sorting signal for the final destination of 

the lipoprotein. Lipoproteins serve a wide range of vital functions including in bacterial 

envelope biogenesis and maintenance, signal transduction, stress sensing, virulence, cell 

division, sporulation, nutrient uptake, antibiotic resistance, and adhesion.29,75 Lipoproteins 

also act in triggering the activation of host innate immune responses.29   

Pseudomonas aeruginosa, specifically, has approximately 175 lipoproteins with a 

wide variety of functions, many of which contribute to its pathogenicity.76 Interestingly, 

during P. aeruginosa mucoid conversion in the lungs of cystic fibrosis patients (the state 

which causes chronic infections), there is a significant induction of lipoprotein-encoding 

genes, suggesting that lipoproteins may play a significant role in the progression of cystic 

fibrosis infection.76 The lipoprotein and lipoprotein processing proteins in this work are 

from P. aeruginosa. 
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Figure 1.7. Lipoprotein localization. Lipoproteins (green) can reside in either face of the 

outer membrane or the periplasmic face of the inner membrane in gram-negative bacteria 

(left). In gram-positive bacteria they are retained in the extracellular face of the inner 

membrane (right).  
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Figure 1.8. Schematic of pre-lipoprotein signal peptide. Lipoprotein signal peptides 

contain a positive N-region, a hydrophobic H-region, and a conserved lipobox or C-region. 

The dagylated cysteine is represented by C*. 
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1.2.2 Processing of Lipoproteins 

Preprolipoproteins (lipoproteins with their signal peptides) are synthesized in the 

cytoplasm and then translocated across the cytoplasmic membrane via the general secretory 

(Sec) or twin-arginine translocation (TAT) pathways.75,77–79 They then undergo 

modifications by three membrane enzymes in the inner membrane to become mature 

lipoproteins (Figure 1.9). 

First, preprolipoprotein diacylglyceryl transferase (Lgt) catalyzes the attachment of 

a diacylglycerol molecule (DAG), derived from phosphatidylglycerol (PG), to the cysteine 

of the lipobox through a thioester bond converting the preprolipoprotein to a 

prolipoprotien.31,75,79–83 The lipid modification secures the prolipoprotein to the membrane. 

The crystal structure of Lgt from Esherichia coli has been determined both in the presence 

of an inhibitor (palmitic acid) and the substrate (PG). The active site residues were 

determined by mutagenesis studies, and a front and side cleft through which the substrates 

PG and the lipobox-containing lipoprotein enter Lgt were identified.84 Various donor lipids 

were tested using a GFP-lipoprotein probe. Dipalmitoyl phosphatidylglycerol (DPPG) was 

the most effective donor followed by dipalmitoyl phophatidic acid (DPPA) and dipalmitoyl 

phosphatidyl-serine (DPPS), which are all negatively charged lipids. Neutral phospholipids 

were not Lgt substrates, suggesting the polar headgroup plays a role in Lgt recognition.84,85 

Second, prolipoprotein signal peptidase (also known as signal peptidase II, Lsp, or 

LspA) cleaves the signal peptide at the dagylated cysteine to form an 

apolipoprotein.28,80,86,87 Initial biochemical studies of LspA were performed in the early 

1980s, but the crystal structure of LspA from Pseudomonas aeruginosa and 
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Staphylococcus aureus were recently determined in 2016 and 2020, respectively.28,31,88–91 

LspA is the main focus of this thesis work described in Chapters 3 and 4. 

Finally, some apolipoproteins are further processed by N-acyltransferase (Lnt) 

which N-acylates the dagylated cysteine using phosphatidylethanolamine (PE) as substrate, 

and forms a mature triacylated lipoprotein.92 Gram-positive bacteria lack Lnt. The crystal 

structure of Lnt from both Pseudomonas aeruginosa and Escherichia coli (which have 39% 

sequence identity) were determined and are very similar in structure (RMSD of 1.2 Å).92 

Active site residues have been identified and reside above the membrane where the 

membrane domain and periplasmic nitrilase-like domains meet. Additionally, lipids bound 

in the crystal structure suggest the substrate binding site.92 A ping-pong mechanism has 

been proposed in which the acyl chain is transferred to the catalytic cysteine of Lnt and 

subsequently transferred to the daglylated N-terminal cysteine of the lipoprotein, with the 

second step of the reaction being faster than the first.93,94 Thus, the first product leaves the 

active site before the second substrate enters as suggested by one proposed binding site.92–

95 At this point, it is unknown why some lipoproteins are substrates for Lnt while others 

are not, as lipoproteins can be either di- or tri-acylated.96 Lipoproteins in a small subset of 

bacteria including Mycobacteria are often also glycosylated by Ppm synthase, and the 

actions of Lnt and Ppm synthase are believed to be tightly correlated.97–99 It has been 

suggested that gene expression and thus activity of lipoprotein-modifying enzymes (Lgt, 

LspA, Lnt, and Ppm synthase) are regulated depending on the environmental conditions or 

developmental stages of the bacteria, as various lipid modifications are seen depending on 

these factors.81 
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The majority of lipoproteins reside in the inner leaflet of the outer membrane. 

Lipoproteins destined for the outer membrane are transported via the localization of 

lipoproteins (Lol) pathway as signaled by amino acids following the lipobox (residues +2 

to +4 with the lipobox cysteine being +1).83,100 The Lol pathway is composed of five 

proteins: LolA, a periplamic chaperone; LolB, an outer membrane receptor, LolC, a 

cytoplasmic membrane protein; LolD, a cytoplasmic ATP-ase; and LolE, a cytoplasmic 

membrane protein.75,81,100  LolE is hypothesized to first interact with the lipoprotein to 

initiate the transport reaction, the lipoprotein is transferred to LolC and further to LolA 

through ATP hydrolysis by LolD. However, exactly how the lipoprotein is transferred to 

the membrane is still unknown.81,101,102  
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Figure 1.9. Lipoprotein processing pathway. Lipoprotein processing pathway in gram-

negative bacteria. Gram-positive bacteria lack Lnt. The membrane is symbolized by gray 

lines and the lipoprotein shown is ICP (yellow). PDB IDs: Lgt: 5azc, LspA: 5dir, Lnt: 

5n6m, ICP: 2wgn 
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1.2.3 LspA Structure and Function 

LspA is an inner membrane protein which cleaves the signal peptide of 

prolipoproteins. Daglyation of the lipoprotein by Lgt is a prerequisite to cleavage by 

LspA.89,90 The crystal structure of P. aeruginosa LspA was determined in complex with 

the antibiotic globomycin with the in meso, or lipid cubic phase method, to a resolution of 

2.8 Å (Figure 1.10).28 Crystal structures have also been determined of S. aureus LspA in 

complex with the antibiotics globomycin and myxovirescin to a resolution of 1.9 and 2.3 

Å, respectively.103 Globomycin and myxovirescin are both cyclic peptide inhibitors of 

LspA.103 Globomycin is commonly used as a negative control in functional studies.28,104,105  

LspA consists of four transmembrane helices, a periplasmic helix (PH), and a four-

stranded b-sheet, called the b-cradle, which rests on the membrane (Figure 1.10). In the S. 

aureus structures, that authors termed the PH the extracellular loop (EL) as it is from a 

gram-positive bacteria which does not contain a periplasm. LspA is believed to act as an 

aspartyl protease, and the catalytic dyad residues have been identified by mutagenesis 

studies (D124 and D143 in P. aeruginosa LspA, and D118 and D136 in S. aureus LspA) 

(Figure 1.11).28 Fourteen additional residues were identified as being strictly conserved. 

The positioning of globomycin and the crystallization host lipid monoacylglycerol (MAG) 

in the crystal structure of LspA allowed the authors to propose the orientation of the signal 

peptide and DAG in the active site. From the proposed orientation, the shape 

complementarity of LspA to the trigonal feature of the substrate where the signal peptide, 

lipoprotein, and DAG converge is hypothesized to be what allows LspA to specifically 

cleave a diverse set of substrates.28 In this position the lipobox of the signal peptide would 

sit directly in the active site between the catalytic dyad.28 There are still many remaining 
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questions about the mechanism of LspA, including how the substrate enters and exits the 

active site and the conformational dynamics of the protein. These questions will be 

addressed in detail in Chapters 3 and 4.  
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Figure 1.10. Structure of LspA. Crystal structure of P. aeruginosa LspA (PDB ID 5dir).28 

The transmembrane domain (gray), the PH (green), and the 𝛽-cradle (blue) are colored. 

Conserved residues are colored red and the catalytic dyad residues are shown as sticks. 

Membrane lipids shown as cartoons. 
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Figure 1.11. Hypothesized aspartyl-protease cleavage mechanism of LspA. Aspartic 

acid residues shown are the catalytic dyad: D124 and D143 for P. aeruginosa LspA, or 

D118 and D136 for S. aureus LspA. 
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1.3 Significance of Research 

1.3.1 Rise of Antibiotic Resistance 

Antibiotics have a wide variety of clinical applications including in cancer 

treatments, organ transplants, surgery, autoimmune diseases, and general sickness.106 

Unfortunately, antibiotic, and more widely antimicrobial (including antibiotic, antiviral, 

and antifungal), resistance is an exponentially rising medical concern. The World Health 

Organization states that the growth of antibiotic resistant bacteria ‘means that 

commonplace medical procedures once previously taken for granted could be conceivably 

consigned to medical limbo. The repercussions are almost unimaginable’.107,108 Over 10 

million people are projected to die annually from antimicrobial resistance by the year 2050 

(Table 1.1).109 In addition to mortality, antimicrobial resistance also results in more 

frequent doctor visits and longer, more expensive treatments and hospital stays.106 In fact, 

antimicrobial resistance is predicted to cost $100.2 trillion worldwide by 2050.109  

After the first widely used antibiotic, penicillin, was developed in the mid-1940s, 

20 new classes of antibiotics were developed by 1962. However, since then only four new 

classes of antibiotics have been developed and reached the market, while the use of 

antibiotics and the rise of antibiotic resistance has increased dramatically.106 This decrease 

in antibiotic development is partially due to many pharmaceutical companies closing their 

antibiotic research divisions, leaving the development of antibiotics to academic 

institutions.110 As of March 2019, there were 43 new antibiotics in global clinical 

development, but only 6 have novel targets.111 With the rapid growth of antibiotic 

resistance it is imperative that new drugs are developed which target novel pathways. 
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Table 1.1. Projected deaths attributable to antimicrobial resistance per year by 2050.109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Continent Deaths
Asia 4,730,000

Africa 4,150,000
Latin America 392,000

Europe 390,000
North America 317,000

Oceania 22,000
Total 10,001,000
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1.3.2 Lipoprotein Processing Pathway as an Antibiotic Drug Target 

Targeting the lipoprotein processing pathway is a novel pathway for antibiotic 

development. Lgt, LspA, and/or Lnt are essential in organisms including E. coli, S. 

enterica, M. tuberculosis, and S. coelicolor.28,81 Therefore, understanding the molecular 

mechanisms of these enzymes could lead to the development of antibacterial drugs. All 

three of the lipoprotein processing enzymes are potential antibiotic drug candidates, though 

the active site of Lnt, a catalytic triad of the nitrilase type, is also found in mammals making 

it a challenging target.92 Aspartic proteases are also found in mammals. However, the high 

degree of sequence conservation in residues surrounding the active site of LspA, as well as 

potential essential membrane interactions provide opportunities for drugs to be developed 

that will be specific to LspA.  

Critically, LspA is essential in many human pathogens including E. coli and S. 

coelicolor, and does not have a mammalian homolog. These qualities make LspA an 

excellent candidate for antibiotic drug development. Additionally, conserved amino acids 

not only reside in, but surround the active site of LspA. Therefore, any mutation that arose 

to block antibiotic binding in the active site, as occurs in antibiotic resistance, would also 

likely interfere with the binding and cleavage of substrate.28 Thus, LspA is a powerful 

target to combat the development of antibiotic resistance. Here, LspA from P. aeruginosa 

is studied as a model of LspA from all bacterial species, as it has >50% sequence similarity 

to other biologically significant LspA, such as those found in E. coli, S. aureus, P. difficile, 

M. tuberculosis, and C. trachomatis, and a crystal structure is available.28,81 

P. aeruginosa is an opportunistic pathogen which primarily infects the 

immunocompromised, and is the predominant pathogen in the airways of cystic fibrosis 
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patients.76,112 P. aeruginosa are also commonly found in hospitalized pneumonia patients 

(44.6% of cases), and in bloodstream infections (27.9% of cases).113 In 2013 the Centers 

for Disease Control and Prevention listed P. aeruginosa as a serious threat for drug-

resistance114 and in 2017 the World Health Organization listed P. aeruginosa as a “Priority 

1: Critical” pathogen for research and development of new antibiotics.115,116 Multi-drug-

resistant P. aeruginosa are resistant to carbapenems and other b-lactams commonly used 

to handle infection, and are difficult to treat due to multiple resistance mechanisms 

including an increase in expression of efflux pumps, changes in outer membrane 

permeability (due to a lack of the OprD porin), and enzymes targeting the drug (such as b-

lactamases).110,112,113,117 Thus, it is imperative that antibiotics are developed to target a 

novel pathway in P. aeruginosa. 

 

1.3.3 Elucidating the Mechanism of LspA 

The molecular mechanism and dynamics associated with cleavage of lipoprotein 

signal peptide cleavage is largely unknown. While the molecular mechanisms of Lgt and 

Lnt are somewhat well characterized, the mechanism of LspA is speculated.28,84,92,118 The 

active site residues of LspA have been determined by mutagenesis and the signal peptide 

orientation has been hypothesized (see Section 1.2.3).28 However, understanding the 

specific molecular mechanism of signal peptide cleavage will aid in future structure-guided 

drug development.  

Additionally, understanding the mechanism of LspA can give insight into the 

mechanisms of other membrane bound enzymes. Membrane proteins make up about 30% 

of all proteins in living organisms and are the drug target of about 60% of current 
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pharmaceuticals, yet they represent less than 2% of the total number of known protein 

structures. Specifically, there are structures for only ten intramembrane-cleaving proteases 

(I-CLiPs) (Figure 1.12).18 I-CLiPs can be categorized into four types: rhomboid serine 

protease (GlpG), site-2 metalloprotease (S2P), Rce1-type glutamyl protease, and aspartyl 

protease (such as signal peptide peptidase (SPP) and g-secretase).119–121 While LspA has 

never before been characterized as an iCLiP specifically, it is proposed to be an aspartyl 

protease and functions within the membrane, so therefore falls under this category.28 

However, LspA does not show sequence or structural similarity to these proteases (Figure 

1.13). Much is still unknown about how iCLiPs recognize their substrates or the molecular 

mechanism of cleavage.120,121 Even less is known about the protein dynamics during 

substrate binding and cleavage and the role of the lipid environment.122–124 Here, LspA is 

studied as a novel iCLiP and could elucidate information applicable to the class of proteins 

as a whole.  
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Figure 1.12. Classification of membrane proteins of known structure. There are 

currently only ten determined membrane protease structures (purple).18 
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Figure 1.13. iCLiP membrane topology compared to LspA. Catalytic residues shown 

in red. Adapted from Sun et al. (2016), with permission.121 
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1.3.4 Effects of Membrane Mimetics 

Membrane proteins are very challenging to study because they do not express 

readily as recombinant proteins (compared to soluble proteins) and they require a 

membrane mimetic (see section 1.1.4). Experimentally, a membrane mimetic that is 

suitable for stabilizing a specific membrane protein can be hard to find as usually this is a 

trial and error process.19 Additionally, there may be experimental constraints that dictate 

the mimetic chosen. For example, larger systems such as liposomes or large bicelles tumble 

slowly are not conducive to study by NMR.32,33   

The membrane mimetic used ideally should solubilize the membrane protein in its 

native conformation and, if enzymatic, have activity similar to that in the native membrane. 

However, for many membrane proteins the native conformation and activity is unknown. 

Membrane protein activity and protein backbone dynamics are seen to differ in different 

mimetic systems.19,125 Thus, it is important to consider the effects of the membrane mimetic 

system used when interpreting all results. 

Here, LspA is studied in two membrane mimetics experimentally (micelles and 

bicelles) and compared to molecular dynamics simulations conducted in a bilayer system 

(Chapter 3). It was important to take these experimental factors into consideration when 

interpreting the data from these studies. Additionally, bicelles were characterized to 

provide more information about the shape and segregation of this widely used system 

(Chapter 5). These results are crucial to understanding the environment surrounding 

membrane proteins studied using this mimetic.  
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1.4 Thesis Overview 

Based on the essential function of LspA in many bacterial species, LspA has been 

proposed as a good candidate for antibiotic drug targeting.28,81 While the crystal structure 

of LspA aided in a proposed signal peptide orientation, a detailed understanding of the 

molecular mechanism and conformational dynamics associated with cleavage is sought.28 

Therefore, the overarching goal of this thesis is to better understand the mechanism of 

LspA cleavage. To that end, the primary objectives of the thesis are the following: 1) 

determine the conformational dynamics of LspA (Chapter 3) using electron paramagnetic 

resonance (EPR) spectroscopy (Chapter 2), and 2) develop a biological activity assay to 

measure LspA function (Chapter 4). Work to better characterize membrane mimetic 

bicelle systems used to study membrane proteins will also be described (Chapter 5). 
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CHAPTER 2. ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY 

2.1 Introduction 

 Electron paramagnetic resonance (EPR) is a widely used technique to study the 

structure and function of proteins. There are many excellent reviews which describe EPR 

in detail,1–8 as well as the two most common EPR experiments: continuous-wave (CW-

EPR)9–11 and double electron electron resonance (DEER).12–18 There are also several 

reviews highlighting the advantages of EPR for studying membrane proteins 

specifically.19–25 As such, here I will touch briefly on the theory of EPR (Section 2.3), but 

focus on the application of EPR to membrane protein systems (Section 2.4) and the 

practical considerations of EPR experimentation (Section 2.5). First, I will highlight 

biophysical approaches which are used to study membrane proteins, and why EPR is 

advantageous (Section 2.2). 

 

2.2 Biophysical Techniques used to Study Membrane Proteins 

As described extensively in Chapter 1, membrane proteins are difficult to study due 

to the requirement of a stabilizing membrane mimetic. Not only is it difficult to find a 

suitable mimetic for a protein of interest, these mimetics also increase the size and 

complexity of the system leading to experimental limitations. Here I will describe some 

common structural methods to study membrane proteins and their drawbacks (Figure 2.1). 

Then, I will explain why EPR is well suited for studies of membrane proteins.19–25 
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Figure 2.1. Biophysical techniques used to study membrane proteins. The size 

limitations of the protein system for each technique are shown on the x-axis (small or large) 

while the information probed (rigid or dynamic) is shown on the y-axis. Figure reprinted 

from Claxton et. al (2015), with permission.22 
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2.2.1 Common Biophysical Techniques used to Study Membrane Proteins 

2.2.1.1 X-ray Crystallography 

The first membrane protein structure was determined by X-ray crystallography in 

1985.26 Crystallization of membrane proteins is difficult because the hydrophobic 

transmembrane helices do not form protein contacts in an ordered arrangement, which is 

necessary for cystallization.20 While new techniques have been developed such as 

crystallizing in the lipid cubic phase,27–29 information about the protein’s surroundings are 

not resolved.23 While crystallography may be used to study proteins with a wide range of 

molecular weights, the crystal structure represents a snapshot of the protein and does not 

give much dynamic information (Figure 2.1).22 Different conformational states can be 

trapped and crystalized, but this may not represent the full range of conformations. 

However, crystal structures can be used to assist the choice of complementary experiments 

such as EPR. For example, the crystal structure may inform on the choice of spin label sites 

to probe the dynamics of certain regions, or to investigate changes in different membrane 

environments.23 

 

2.2.1.2 Cryo-Electron Microscopy 

Cryo-electron microscopy (EM) is a more recently developed technique that can be 

used to determine the structure of membrane proteins. The first membrane protein structure 

determined by cryo-EM was in 2013,30 and since, the use of the technique to study 

membrane proteins has grown drastically.31 Cryo-EM can be used to study large proteins 

with low concentrations comparable to EPR, but like crystallography it produces a rigid 

model and may not resolve flexible proteins or protein regions (Figure 2.1).23 While cryo-
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EM samples can be imaged in different conformations, a homogenous sample is still 

necessary to determine high-quality structures.31 Additionally, like crystallography it is 

difficult to resolve membrane components by cryo-EM. Membrane proteins studied via 

cryo-EM are solubilized in lipid nanoparticles, detergents, or amphipols. The density of the 

membrane mimetic can thus influence image alignment, which adds to the complexity of 

determining the structures of membrane proteins that do not have large soluble domains.31  

 

2.2.1.3 Small Angle Scattering  

Small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) 

have traditionally been used with soluble proteins because free detergent or lipid, as well 

as the micelle or bicelle that surrounds the protein, makes it difficult to determine scattering 

specifically from the protein component.23 However, new methods combining size 

exclusion chromatography with SAXS or SANS are able to separate the empty micelles or 

bicelles to increase the signal to noise ratio.32,33 Additionally, using deuterated components 

in SANS experiments allows for the separation of structural information from the protein 

and the membrane mimetic (see SANS Contrast Variation in section 5.2.2).34 While SAXS 

and SANS techniques can shed light on large conformational changes of proteins, they are 

low-resolution and are usually used in combination with other biophysical techniques.23 

 

2.2.1.4 Nuclear Magnetic Resonance 

Solution nuclear magnetic resonance, NMR, is a technique used to determine both 

the high resolution structure and dynamics of proteins.22 However, NMR has size 

limitations and can only be used with systems generally <30 kDa (Figure 2.1).23 Thus, 
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NMR cannot be used to study all membrane proteins because of the increased size of the 

system due to the micelle, bicelle, or nanodisc membrane mimetic.20,23 Solid state NMR, 

on the other hand, can investigate membrane proteins in a variety of membranes including 

lipid vesicles, whole cell membranes, or bicelles.35 NMR samples require a relatively large 

volume of concentrated sample which is not physiological, and may induce aggregation or 

protein destabilization.22,23 Additionally, expensive isotopes are needed to label the sample, 

which may not be practical for membrane proteins that have low yields or difficulty with 

purification.  

 

2.2.1.5 Förster Resonance Energy Transfer 

 Förster resonance energy transfer (FRET) allows for the study of the dynamics of 

large protein systems similar to EPR (Figure 2.1). However, FRET requires the use of a 

fluorophore pair conjugated to the protein of interest. These probes are relatively large, and 

may interfere with protein folding, dynamics, and/or function.23 Additionally, each FRET 

pair has a limited distance range that they can probe, so multiple sets of pairs are required 

to probe the full distance range that DEER can resolve. FRET is also limited because the 

fluorescent properties of fluorophores can be affected by their environment. The 

fluorescent properties may change in different membrane mimetics or even when 

contacting differing numbers of lipid molecules.23 Thus, care must be taken when 

interpreting FRET results when conducted in membrane mimetics. 
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2.2.2 Advantages of using EPR to Study Membrane Proteins 

 Electron paramagnetic resonance (EPR) is well suited for studies of membrane 

proteins, as it can probe the structure and dynamics of systems with a wide range of 

molecular weights (Figure 2.1).19–25 Samples can be in a range of solvents and conditions 

to match physiological systems. As such, many different membrane mimetics can be used 

with EPR.20 Not only does this allow researchers to use the membrane mimetic that 

demonstrates the best stability for their membrane protein of interest, it also allows for the 

comparison of multiple membrane systems to gain a better understanding of the protein’s 

interactions with the surrounding membrane environment. EPR experiments only require 

the addition of a small probe containing a paramagnetic center (see Section 2.4.1), which 

is comparable in size to a tryptophan or phenylalanine side chain. Most protein systems do 

not contain a native paramagnetic center, so EPR can selectively probe regions of interest.20 

The small sample volumes and low protein concentrations that EPR requires are ideal for 

the study of membrane proteins as they are often hard to express and purify.19,20 While EPR 

is low-throughput and gives moderate structural resolution due to a limited number of spin 

labels, it is highly sensitive – up to three times that of NMR experiments.20 

The biggest advantage of using EPR to study membrane proteins is that it is one of 

few techniques (in addition to FRET, described in section 2.4.1.5) that is able to probe the 

dynamics of membrane protein systems. It is advantageous over FRET in that the probes 

are much smaller and thus have less of an effect, if any, on protein fold, function, and 

dynamics. Additionally, a wider selection of membrane mimetics can be used, including 

micelles, bicelles, liposomes, and nanodiscs because the EPR signal is not influenced by 

the membrane environment as FRET probes are.22 Recent work has shown EPR 
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measurements of membrane proteins in whole cells.17,36,37 Thus, EPR is an excellent 

technique to study membrane proteins in a physiological environment to obtain structural 

and dynamic information not obtainable by other biophysical methods (Table 2.1).  
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Table 2.1. Structure and dynamics probed by EPR. Adapted from Hemminga et. al 

(2007).21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structure Dynamics
Distance information Side chain internal motions
Secondary structure Local backbone fluctuations

Local polarity Conformational dynamics
Identification of trans-
membrane segments

Motion of nitroxide on 
nanosecond timescale
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2.3 Primer on EPR Theory 

 An EPR instrument contains a magnet to generate a magnetic field, a microwave 

source, a resonator that holds the sample, and a computer to record and analyze the data.1 

Electron paramagnetic resonance (EPR) is the measurement of the absorption of 

electromagnetic radiation equaling the energy of the splitting of the energy states of an 

unpaired electron in a magnetic field.1,20 Electromagnetic radiation is coupled electric (E) 

and magnetic (B) fields which oscillate in a frequency range (v) and have energy (hv) where 

h is the Plank constant.38 Instruments are characterized by the frequency (v) range in which 

they record: S-band (2-4 GHz), X-band (8-10 GHz), Q-band (~35 GHz), and W-band (~90 

GHz).1,39,40 In this work CW spectra (see section 2.4.2) are collected at X-band, and DEER 

data (see section 2.4.3) are collected at Q-band.  

 

2.3.1 Free Electron in a Magnetic Field 

 Electrons in a magnetic field (B0) exist in two energy states (parallel or antiparallel 

to the field) and are denoted by the magnetic spin components, or Zeeman states, ms = +1/2 

and ms = -1/2 (Figure 2.2).1,20,38 These spin states are separated by an energy (∆E, also 

called Zeeman splitting), which increases as the magnetic field (Bo) is increased by the 

equation: 

∆𝐸 = ℎ𝑣 = 𝑔'𝛽𝐵* 

Equation 2.1 

where 𝑔'	is the electron’s g-factor, which is a property of the electronic configuration of 

the radical, or free electron, in the spin label. The g-factor is a measure of the local field 

experienced by the electron, which is a combination of the external magnetic field and the 
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interaction between neighboring spins.38 𝛽 is the electron’s Bohr magneton, which is a 

property of an electron described by: 

𝛽 =
𝑒ℏ
2𝑚𝑐 

Equation 2.2 

where m and e are the mass and charge of an electron, respectively, ℏ is Planck’s constant 

divided by 2𝜋, and c is the velocity of light.20,38  

Transitions of the unpaired electron spin between spin states occurs if 

electromagnetic radiation is absorbed that equals the Zeeman splitting (∆E).20,38 If Zeeman 

splitting was the only factor, only one line would be observed in an EPR spectrum 

corresponding to the field strength required for the unpaired electron to flip states as 

described by Equation 2.1 (Figure 2.2). 
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Figure 2.2. Energy diagram for nitroxide spin label in a magnetic field. A) Zeeman 

splitting results in two states and one energy transition, leading to a single line in the EPR 

spectrum (B, left). Hyperfine splitting further splits the high and low energy states into 

three distinct states, leading to three lines in the EPR spectrum (B, right). Figure reprinted 

from Sahu and Lorigan (2018), with permission.20 
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2.3.2 Hyperfine Interaction 

 In a nitroxide paramagnetic spin label the unpaired electron interacts mainly with 

the nitrogen nucleus and this interaction is called the hyperfine interaction (A).20 The 

hyperfine interaction causes slight changes in the allowed energy levels of the electron so 

each spin state (+1/2 and -1/2) is further split into 2I+1 states, where I is the spin quantum 

number of the atom.1,38 For a nitrogen (14N) nucleus, such as in a nitroxide spin label, I=1 

so the hyperfine interaction results in three energy levels (mI = -1, 0, and 1). Thus, three 

lines are observed in EPR spectra (Figure 2.2) corresponding to the energy splitting:41 

∆𝐸 = 𝑔'𝛽𝐵* + 𝐴𝑚4 

Equation 2.3 

The other nearby nuclei, oxygen (16O) and carbon (12C), both have a spin quantum number 

of zero, and so do not contribute to further line splitting.1 

 

2.3.3 Anisotropy 

The hyperfine interaction is usually anisotropic due to a non-uniform electron 

density of the nitrogen atom. The electron density of a nitrogen atom is concentrated in a 

p-orbital that is parallel to the z-axis of the nitroxide, and so the dipolar coupling dominates 

in the z direction.1,38 Thus, the g-factor (𝑔') and hyperfine interaction (A) are dependent 

on the orientation of the spin label with respect to the magnetic field (B0).41 Consequently, 

the position and splitting of the EPR lines are dependent on the anisotropic properties of 

the sample, as the energy of spin state transitions is altered following Equation 2.3. 

Magnetic anisotropy, therefore, leads to broadening of the CW lineshape. contrarily, if all 
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orientations with the field are equally sampled, the magnetic anisotropy is completely 

averaged and the CW spectra shows three sharp lines.38  

 

2.3.4 Relaxation 

Another process that modulates the lineshape is relaxation. When the unpaired 

electron transitions from the low (nB) to high (nA) energy states (Figure 2.2), it must then 

relax or decay back to the low energy state by emitting a photon of energy equal to ∆𝐸.39,40 

Relaxation returns the net magnetization to equilibrium as defined by the Boltzmann 

distribution: 

𝑛7
𝑛8

= 𝑒∆9 :;< = 𝑒
=>8?

:;<  

Equation 2.4 

where E=hv, k is the Boltzmann constant, and T is temperature in Kelvin.38,41  

 There are two relaxation processes which contribute to the overall relaxation of 

spins. These are spin-lattice relaxation (T1), and spin-spin relaxation (T2). T1 relaxation is 

the transfer of thermal energy from the unpaired electron to the surrounding environment 

(lattice). Smaller T1 values (higher amounts of exchange and faster relaxation) leads to a 

smearing or variation of the energy levels, and thus leads to a broad distribution in the 

lineshape.39,40 T2 relaxation occurs due to the interaction of an individual spin with other 

spins in the system via dipolar and exchange interactions, as well as field 

inhomogeneity.39,40 T2 relaxation reduces the net magnetization of the spins and leads to a 

reduction in signal intensity and broadening of the spectra.38–41 For a nitroxide spin label, 

T2 is much shorter than T1 and so is the dominant contribution to the linewidth (∆𝐻):38–41 
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∆𝐻 ∝
1
𝑇D
+
1
𝑇E

 

Equation 2.5 

2.3.5 Correlation Time 

 A CW EPR spectrum reflects the rotational correlation time (𝜏) of the nitroxide spin 

label on the pico- to nanosecond timescale. The rotational correlation time (𝜏) includes 

contributions from the correlation times of side chain internal motions (𝜏G), fast backbone 

fluctuations (𝜏HH), and overall protein rotational diffusion (𝜏I).9 For small proteins (less 

than 15 kDa) 𝜏I will dominate and cause spectral broadening.1 As 𝜏G and 𝜏HH reflect the 

protein’s structure and dynamics, and are thus the desired components to investigate, it is 

advantageous for 𝜏I to be sufficiently long to have minimal effects on the lineshape 

(𝜏I>20ns).9 𝜏I is influenced by both protein molecular weight (MW) and solvent viscosity 

(𝜂) by: 

𝜏I ≈ (3 × 10PDQ)𝜂 × 𝑀𝑊 

Equation 2.6 

The viscosity of the solvent can be increased by the addition of sucrose or Ficoll to reach 

𝜏I>20 ns.9 Internal motions (𝜏G) of the R1 side chain are largely dominated by 𝜒V	and 

𝜒W	dihedral angles (Figure 2.3), and are thus anisotropic.42 Backbone fluctuations (𝜏HH) on 

the nanosecond timescale increase the mobility of R1, while interactions of the spin label 

side chain with local protein structure decrease the mobility. Thus, CW spectra can be used 

to map backbone flexibility, classify secondary or tertiary structure, and identify 

conformational changes.9 
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2.4 Applications of EPR 

2.4.1 Site-Directed Spin Labeling 

EPR requires a paramagnetic center with an unpaired electron. As most proteins do 

not naturally contain an unpaired election, they must be experimental added via site-

directed spin labeling (SDSL). Three methods have been developed to add paramagnetic 

spin labels to proteins of interest.8 The first is by reacting the spin label with the thiol group 

of a protein’s cysteine residue. This is the most common method and will be described 

here.1,8,19,20,42 The second method is to spin label directly by peptide synthesis.8 In practice, 

this is only feasible when studying small proteins or peptides. The third method is to spin 

label via conjugation with unnatural amino acids.43,44 This method is useful when the 

protein has native cysteines that cannot be removed, or if multiple types of spin labels are 

desired in the same protein. Spin labeling via unnatural amino acids is described in further 

detail in Section 4.2.2.3. 

For SDSL any reactive native cysteine residues must first be removed from the 

protein (generally these are replaced with alanine or serine residues) via mutagenesis. 

Then, the site(s) of interest to be spin labeled are mutated to cysteine residues. 

Considerations in the choice of spin labeling site are discussed in Section 2.5.1. When the 

thiol of the cysteine residue is reacted with the spin label, the spin label is covalently 

attached to the protein (Figure 2.3) and is denoted R1 for a Methanethiosulfonate spin label 

(i.e. residue C becomes R1). Methanethiosulfonate spin label (MTSL) is the most 

commonly used and most characterized spin label, and is used in this work (Figure 2.3).8 

MTSL is comparable in size to a tryptophan or phenylalanine side chain and thus has 
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minimal impact on the fold or dynamics of the protein studied.38 If necessary, spin labels 

can be removed from proteins by adding a denaturing agent.  
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Figure 2.3. Nitroxide spin label reaction. Reaction of MTSL with the protein cysteine 

results in a spin labeled protein. The spin label has five sites of bond rotation labeled 𝜒D −

𝜒W. Figure reprinted from Sahu, McCarrick, and Lorigan (2013), with permission.2 
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2.4.2 Continuous Wave EPR 

Continuous wave (CW) EPR is an excellent technique to probe local protein effects 

such as dynamics, local environment, secondary structure, tertiary contacts, and solvent 

accessibility. Here I will describe how the spectral lineshape reflects the protein structure 

and dynamics. Other CW EPR applications, such as distance measurement in the 8-20 Å 

range, and power saturation experiments to determine membrane topology or binding, are 

described elsewhere2,20 and will not be addressed here.  

 CW spectra are recorded at a constant microwave frequency while sweeping the 

magnetic field. The absorption of microwave photons by the sample at specific resonant 

frequencies are detected and are recorded as the first derivative of the absorbance spectra.1 

In Section 2.3.1 and 2.3.2, I described the Zeeman and hyperfine splitting that 

results in three lines for a nitroxide spin label CW-EPR spectra (Figure 2.2). I will now 

touch on some of the other factors that contribute to the CW lineshape.  

 

2.4.2.4 How to “Read” a CW Spectrum 

 To the untrained eye, CW spectra are just lines that are hard to interpret. However, 

CW lineshapes of nitroxide spin labels can give important information about the dynamics 

of the spin label. Here, I will explain the basic parts of the R1 lineshape and how to interpret 

the features of a CW spectra to gain information about the structure and dynamics of the 

protein. 

 In Section 2.3, I described the Zeeman and hyperfine splitting that results in three 

lines for a nitroxide spin label CW-EPR spectra (Figure 2.2). In the fast motional limit 

(~0.1 nsec, such as free spin label) the CW spectrum shows three sharp lines of equal 
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height. As motion slows, the lineshape broadens, the amplitudes decrease, and the 

lineshape becomes asymmetric (Figure 2.4).1 Thus, the position of the spin label on the 

protein can be categorized as mobile, such as on a loop; semi-restricted, such as a surface 

exposed site containing secondary structure; or immobile, such as buried in the protein core 

(Figure 2.4).9,42 The broadening of spectra with decreasing mobility is the result of 

anisotropic and relaxation components becoming less averaged as described in Sections 

2.3.3 and 2.3.4. 

 A typical semi-restricted spin label, such as on a surface exposed rigid 𝛼-helix, is 

shown in Figure 2.5.9 This spin label can be identified as semi-restricted due to the 

broadening and decreased amplitudes of the low and high field lines. The peak to peak 

(from peak max to min) separation of the first derivative lineshape, ∆H (Figure 2.5), is 

related to the rotational correlation time, and can be described by the approximation:1 

𝜏 = 6.5 × 10PD*∆𝐻 ]^
𝐴(0)
𝐴(−1)_

D/E

− 1a 

Equation 2.7 

where A(0) and A(-1) are the peak to peak heights of the center and high field lines, 

respectively. Generally, the inverse of the central linewidth (∆H-1) is reported and is a 

report of nitroxide motion due to fluctuations of the backbone.9,45  

The incomplete averaging of the hyperfine tensor, which leads to broadening, can 

be separated into two components. A subset of nitroxide spins align parallel to the external 

magnetic field, and another perpendicular to it. These are defined as Apar and Aperp, 

respectively, and can be resolved in the broadened low field lineshape (Figure 2.5).9  
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Especially in the low mobility regime, the overall spectral splitting (2Azz’) is a 

measurement of spin label mobility as the positioning of the high and low field lines are 

dependent on spin label movement.9 Smaller values of 2Azz’ indicate increased mobility 

while larger values indicate restricted motion.1 

Spectra may also be classified as “two-component” or “multi-component” if there 

are two resolved components corresponding to a “mobile” and “immobile” state of the spin 

label (Figure 2.6).9 Two-component spectra should not be confused with the presence of 

Apar and Aperp, as these are within the same lineshape, and two-component elements are 

distinct lineshapes (Figure 2.5). Multi-component spectra may be indicative of multiple 

side chain and/or protein conformational states indicating conformational dyanmics.9 
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Figure 2.4. Mobile, semi-restricted, and immobile CW spectra. A) A mobile lineshape 

is seen when the spin label is attached to a loop residue. B) A semi-restricted lineshape is 

seen when the spin label is attached to a solvent exposed site that contains secondary 

structure, in this case an 𝛼-helix. C) An immobile lineshape is seen when the spin label is 

attached to a buried residue. Red trace shows experimental CW spectra while black shows 

simulated spectra. Figure adapted from Altenbach et. al (2015), with permission.9 
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Figure 2.5. Characterization of CW lineshape. A single-component semi-restricted 

lineshape is shown of a spin label attached to a solvent exposed site that contains secondary 

structure (helix, Figure 2.4B), with labeled lineshape elements. Figure adapted from 

Altenbach et. al (2015), with permission.9 
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Figure 2.6. Two-component CW spectra resulting from conformational dynamics. 

When a spin label samples both a semi-restricted (left) and an immobile (right) 

conformation due to conformational dynamics, the resulting lineshape is two-component 

(middle) with a mobile (m) and immobile (i) population. Figure adapted from Altenbach 

et. al (2015), with permission.9 
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2.4.3 Double Electron Electron Resonance  

 Double electron electron resonance (DEER) spectroscopy (also called pulsed-

electron double resonance, PELDOR), can be employed to measure the distance 

distribution between two spin labels. These spin labels may be within the same protein, 

aiding in identification of protein structure and conformational dynamics; or, two different 

proteins can be singly labeled to investigate binding and the complex structure.20 DEER 

extracts distance information from pairs of spin labels due to the distance dependence of 

the energy of the dipolar interaction between the unpaired electrons.22 Historically, this 

was measured by dipolar broadening of the CW spectrum which could only detect distances 

up to around 1.5 nm.23 However, after the introduction of the 4-pulse DEER method in 

2000, and an increase in the availability of commercial instrumentation to perform DEER, 

it became possible to measure longer spin label distances.46 While 16 nm is the longest 

detected distance so far measured with DEER,47 distances of membrane proteins generally 

fall within the 1.8 - 6 nm range.12 

 

2.4.3.1 Dipolar Coupling 

 If two unpaired electrons are in close enough proximity, their magnetic dipoles will 

interact in a dipole-dipole interaction which is dependent on their distance (r) and angle (𝜃)  

with respect to the magnetic field (B) (Figure 2.7).14 The dipolar coupling (𝜔dd) between 

the two electrons is defined as: 

𝜔dd = ^
𝐶
𝑟Q_

(1 − 3 cosE 𝜃) 

Equation 2.8 
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where C is proportional to the product of the g-values of the two spins and equals 52.2 

MHz*nm-3 for nitroxide spin labels.12 In order to determine the distance distribution 

between the spin labels, the dipolar coupling must be separated from other spin interactions 

such as g anisotropy and hyperfine couplings, which can be accomplished by using pulsed 

EPR experiments.14,16 

 

 

 

 

 

 

 

 

 



 81 

 

Figure 2.7. Orientation of spins. Two spins (black circles) are separated by a distance (r) 

and are oriented at an angle (𝜃) with respect to the magnetic field (B). Figure adapted from 

Jeschke (2012), with permission.12 
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2.4.3.2 Pulsed EPR 

 DEER experiments generally use a four-pulse sequence in order to extract the 

dipolar coupling, and thus the distance, between two electron spins (here named A and B). 

Simply, this is done by monitoring one set of spins while exciting another set of spins with 

a microwave frequency.20  

 In the four-pulse DEER experiment (Figure 2.8), the first π/2 pulse occurs at a 

frequency 𝜐7 which excites electron spins A. This pulse tips the magnetization of spins A 

into the x-y plane. Spins A precess, but lose coherence over time t1, due to T2 relaxation of 

the spins (see Section 2.4.2.2). A portion of this relaxation is due to modulation of the 

angular rate of spin A by dipolar coupling from nearby spins B (±𝜔dd). After t1, a π pulse 

at frequency 𝜐7 flips the spins 180o in the x-y plane which then refocus after an equal time 

(t1), which gives a spin echo. This π/2- π pulse sequence is called a Hahn echo.21  

 To determine the dipolar coupling, a π pump pulse is applied at frequency 𝜐8, 

flipping spins B (at an inversion efficiency fraction 𝜆), at varied time intervals (𝑡).38 This 

pulse reverses the dipolar contribution experienced by spins A (from +𝜔dd  to −𝜔dd  and 

vice versa) causing spins A to accumulate a phase lag. This phase lag causes the spins to 

no longer be refocused, and the intensity of the echo decreases. Thus, the phase lag is a 

function of both the dipolar interaction (𝜔dd) and the timing of the pump pulse (𝑡), which 

determines how long spins A experience the dipolar field due to spins B, such that the 

phase difference is 𝜔dd𝑡.21 Lastly, after a time t2 a second π pulse at 𝜐7 refocuses spins A 

to generate the refocused echo which has been modulated by the phase lag which is finally 

collected after a second time t2 (Figure 2.8).  

The DEER signal between two spins A and B can thus be described by: 
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𝑉(𝑡)GopIq = 1 − 𝜆[1 − cos(𝜔dd𝑡)] 

Equation 2.9 

The entire DEER signal is the product of intra and intermolecular interactions:16 

𝑉(𝑡) = 𝑉(𝑡)GopIq𝑉(𝑡)Gop'I  

Equation 2.10 

The intermolecular interactions have a background function:15 

𝐵(𝑡) = 𝑒Ptpu/v 

Equation 2.11 

where D is the dimension and K is the background decay rate.12,15 The dimension for 

soluble proteins and membrane proteins in micelles or bicelles is D=3 as the spins are 

distributed homogeneously in three dimensions. For membrane proteins in liposomes D=2 

as they are confined into a two dimensional bilayer.15 If there are multiple spin pair 

orientations which contribute to the signal, then the DEER signal takes the form: 

𝑉(𝑡) = 𝐹(𝑡)𝐵(𝑡) 

Equation 2.12 

where the form factor F(t) is the product of all possible spin pair contributions.12 Thus, the 

background function [𝐵(𝑡)] can be fit and subtracted from the DEER signal, [𝑉(𝑡)] to 

isolate the signal from just the intramolecular components [𝑉(𝑡)GopIq or 𝐹(𝑡)] which 

contain the dipolar coupling and, therefore, the distance information.16  
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Figure 2.8. Four-pulse DEER experiment. A refocused echo is generated for spins A 

with a π/2 – π – π sequence at an observer frequency 𝜐7 separated by times t1 and t2. The 

intensity of the echo is modulated by a π pump pulse at 𝜐8 at various times 𝑡. The 

modulation of the echo gives information about the dipolar interaction and thus the distance 

between the spins A and B. 
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2.4.3.3 Distance Analysis 

Distance information can be gleaned from simply looking at the background 

subtracted DEER signal. The form factor has an oscillation frequency that is inversely 

proportional to the cube of the mean distance between the spin labels (Figure 2.9). Thus, 

the longer the distance, the longer it takes for the signal to reach baseline.21 The decay of 

the form factor is related to the width of the distance distribution: a faster decay indicates 

increasing width (𝜎) of the distance distribution (Figure 2.9).15,21 Narrow distributions have 

multiple oscillations, but for wide distributions the DEER signal barely goes below 

baseline (Figure 2.9).21 If the spin pair has multiple conformations, the DEER signal will 

be additive of the two distances proportional to the percentage of each state (Figure 2.10).22 

Transforming the intramolecular DEER signal into a distance distribution, P(r), is 

complex and there are several excellent reviews on this topic.12,21,46,48,49 Most commonly, 

DEER data is processed by Tikhonov regularization with software such as DeerAnalysis 

(written by Gunnar Jeschke)49 or LongDistance (written by Christian Altenbach). As fitting 

the DEER signal time domain data is an “ill-posed” problem where small changes due to 

noise or error can induce large changes in P(r), Tikhonov regularization is used to balance 

the smoothness and resolution of the DEER distribution.38,48 This is accomplished by 

plotting the log of the distribution smoothness (𝜂) verses the log of the mean squared 

deviation (𝜌) in an L-curve (Figure 2.11).15 The best fit of the regularization parameter (𝛼) 

occurs at the corner of the L-curve. Large 𝛼 values lead to over-smoothing of P(r), while 

small 𝛼 values lead to unrealistically sharp peaks (Figure 2.11).15,48 

The generated P(r) plot yields the probability distribution of spin pair distances 

defined by the average distance (rav) and the width of the peak (𝜎) (Figure 2.10). The 
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distance distribution informs on the collective dynamic processes of the spin labels 

including spin label side chain dynamics, backbone fluctuations, and protein 

conformations.22 Multimodal distance distributions may indicate a two state 

conformational change (Figure 2.10). Narrower distributions indicate a more rigid 

structure, while wider distributions indicate flexibility of one or both of the spin label sites. 

The fact that DEER yields a distance distribution, rather than a single distance, is 

advantageous in that it allows for the identification of both structural and conformational 

dynamic information about the protein of interest. 

While it is impractical to collect DEER data for enough pairs to sufficiently 

determine the overall structure of a protein using distance restraints, DEER is an excellent 

way to investigate conformational changes in varying situations such as in different 

membrane systems or upon the addition of a ligand, inhibitor or binding partner. DEER 

data can be used in conjunction with molecular dynamics simulations to refine protein 

structures with experimentally derived constraints.20,50,51 Using the program Multiscale 

Modeling of Macromolecules (MMM), it is also possible to simulate DEER data from a 

crystal or NMR derived structure and compare it to experimental DEER data.52 This can 

aid in visualizing the distance distribution in the context of the protein structure, or identify 

discrepancies between experimental conditions. 
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Figure 2.9. Effect of average radius and distribution width on DEER signal. A faster 

decay indicates a wider distribution (𝝈), while a higher oscillation frequency indicates a 

shorter average distance (rav). Figure adapted from Hemminga et. al (2007), with 

permission.21  
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Figure 2.10. Multi-component DEER. A) Two states have unique dipolar evolution 

functions obtained using the DEER experiment (left, blue and red) resulting in unique 

distance distributions (right). B) If these states occur within the same DEER sample, the 

resulting DEER data will be additive of the two spectra with respect to the percentage of 

each state in the sample. The purple trace shows 50% of each state while the green trace 

shows 75% of state one and 25% of state two. Figure adapted from Claxton et. al (2015), 

with permission.22 
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Figure 2.11. Tikhonov regularization L-curve. A) The correct choice of 𝛼 is in the corner 

of the L-curve. B) Choosing an 𝛼 that is too small yields unrealistically sharp peaks (left), 

while choosing an 𝛼 that is too large results in over-smoothing (right). In this example 

𝛼=10 (middle) is the correct choice. Figure adapted from Jeschke et. al (2007), with 

permission.15 
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 2.5 Practical Considerations for EPR Experimentation  

2.5.1 Sample Preparation 

 The first consideration when preparing membrane proteins for EPR analysis is to 

determine if there are any native reactive cysteine residues. As the most frequently used 

spin labels, including MTSL (see Section 2.4.1), specifically react with the cysteine thiol 

to selectively label sites of interest, native cysteines must first be removed via mutagenesis 

and are replaced by another amino acid (most commonly alanine or serine).20 If native 

reactive cysteines are important for the protein’s fold and/or function (as in the lipoprotein 

substrate ICP, see Section 4.2.2.3), then they should not be removed. In this case, unnatural 

amino acids can be genetically incorporated at sites of interest which contain reactive 

groups that can be specifically spin labeled, generally via click-chemistry.43,44,53,54 

 Second, spin label sites need to be identified. Mutations of conserved residues or 

residues buried in the core of the protein should be avoided to avoid interfering with the 

protein’s fold and/or function. If available, a crystal structure can be used as a guide to 

choose sites that will not disrupt any important interactions or interfere with protein 

dynamics or function.13,22 To ensure that the spin label does not interfere with the protein 

fold, spin labeled protein can be analyzed by circular dichroism (CD)55 or analyzed by 

NMR heteronuclear single quantum coherence spectroscopy (HSQC) to assess the 

secondary structure compared to unlabeled protein.56 As practically only a limited number 

of sites are spin labeled, it is important to take time to critically choose sites that will yield 

the greatest amount of information, be that secondary structure, loop dynamics, ligand 

binding, distance restraints, etc. If probing conformational dynamics via DEER, choose 

spin label sites that you believe will have the largest changes. As DEER reports a distance 
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distribution, small changes can be contained within the same distribution peak and may be 

missed. To decrease the width of the distance distribution and increase resolution, choose 

spin label sites on exposed sites containing secondary structure. If the site is mobile, as on 

a loop, the flexibility will increase the width of the distance distribution and again 

conformational changes may be missed. To best understand conformational dynamics or 

distance restraints, make spin label pairs in a triangle, quadrangle, or pyramid shape.22 

These complimentary distance restraints will better elucidate the conformation of the 

protein. Recently, computational methods have been developed to select the most 

informative pairs of spin labels to refine protein structures.50,51 

 Third, sample quality must be considered. The sample should be pure, not have 

degradation products or aggregation, and not have unattached spin label contaminant.22,57 

Not only will these issues affect the sample stability and concentration, but it will increase 

the background noise and can lead to errors in data analysis and, thus, impact interpretation 

of the data. Not only will destabilized protein show unrealistic spin label arrangement with 

contamination, but the spin label may have altered packing and show non-physiological 

tertiary contacts. Additionally, contamination and destabilization may alter the 

thermodynamics of conformational transitions, and effect the distribution of 

conformations.22 Along with sample quality, it is essential to know the oligomeric state the 

protein of interest. If the protein contains a pair of spin labels, protein oligomerization will 

cause DEER signal from both intra- and inter-protein spin labels. Thus, it is essential to 

first test single labeled protein to ensure that no DEER signal is seen from inter-protein 

contacts. A control without reactive cysteines should also be subject to the spin labeling 

process and analyzed to ensure that there are no other contributions to the DEER signal.1,57 
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 Fourth, the membrane mimetic must be considered. While EPR is suitable for the 

study of membrane proteins in a wide range of membrane mimetics including micelles, 

bicelles, nanodics, amphipols, and liposomes, it is essential to be cognizant of the effects 

these mimetics might have on the protein structure and dynamics. For example, larger 

mimetics may allow for increased conformational dynamics while smaller ones may 

constrict the protein. Additionally, mimetics may influence the quality of data recorded.57 

For example, the heterogeneous distribution of multiple spin labeled proteins within 

liposomes creates high background and poor DEER modulation leading to a reduction in 

the measurable distance range.12,20 This reduction in distance range is due to the spatial 

distribution of spins being reduced from three dimensions to two.22 Comparatively, 

proteins are generally distributed in a one to one ratio in nanodiscs and bicelles so the 

spatial distribution in three dimensions is maintained.22 Having the proper ratios of 

detergents or lipids in the system is also important. Varying lipid ratios impairs nanodisc 

formation, while a high detergent to protein ratio decreases spin label efficiency which 

decreases the EPR signal.22 

 Lastly, the effect of solvent and additives needs to be considered. While EPR 

measurements can be recorded in a wide range of solvents and conditions, the researcher 

must be aware of the effects that changing these conditions from experiment to experiment 

may bring. For example, in this work inhibitors dissolved in DMSO were added to protein 

samples and studied by CW-EPR. However, DMSO alone caused significant lineshape 

changes (Figure 2.12). Thus, the inhibitor had to be aliquoted, dried down, and resuspended 

in the protein solution so that no DMSO was added to the protein sample. Consideration 

of all components of the protein sample – the placement of spin labels, sample quality, 
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membrane mimetic, and solution conditions – is essential when conducting EPR 

experiments.  
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Figure 2.12. DMSO addition causes significant CW lineshape changes. CW spectra are 

shown for WT LspA spin labeled at A63R1 in 0-35% DMSO. 

 

 

 

 

 

 

 

 



 95 
2.5.2 CW Spectral Analysis 

 As mentioned in Section 2.5.1, one must be aware of the effects of the solvent used. 

When assessing the effect of additives (drugs, inhibitors, lipids, etc.), controls must be 

completed to make sure that the solvent that these additives are in do not affect the 

lineshape (Figure 2.12). For CW spectra, it is especially important to not change the 

polarity of the solution, as polar solvents increase polarization of the N-O bond of the 

nitroxide which increases the isotropic hyperfine coupling.1 

When analyzing two-component CW spectra, one must be aware of the different 

situations that may give rise to this lineshape. Two components may be derived from two 

conformational states of the protein and, thus, of the spin label. However, the two 

components may also arise from two rotamers of the nitroxide side chain, one which places 

the nitroxide in an orientation that interacts with a nearby side chain giving the “immobile” 

lineshape, and one that faces outward giving the “mobile” lineshape. The origin of the two-

component lineshape (either protein conformational dynamics or two spin label rotamers) 

can be resolved by osmolyte perturbation.9 The addition of an osomolyte solution, such as 

sucrose or polyethylene glycol (PEG), has little effect on the rotameric state of the side 

chain, but will shift the conformational equilibria of the protein toward the least solvent-

exposed or most compact state. Thus, if the two-component spectrum remains in the 

presence of osmolytes, then the components arise from two side chain rotamers. If the two-

component spectrum disappears, then the two components were indeed from multiple 

conformational states.9 While modeling can be completed to determine the energy 

difference between the two components, the CW spectra gives no information about the 

exchange rate between states.9 
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Correctly processing CW spectra is essential in order to directly compare multiple 

CW spectra. First, the spectrum is baseline corrected such that the baseline is flat. Then, 

the spectrum is phased to maximize the second derivative of the sample.41 Finally, the 

spectrum is normalized. As the number of scans increases the signal intensity, normalizing 

allows spectra collected with various numbers of scan to be directly compared. 

 

2.5.3 DEER Spectral Analysis 

 As mentioned in Section 2.5.1, while EPR can be conducted in multiple membrane 

mimetics, the effects of these mimetics must be considered. DEER is a good technique to 

investigate structure and/or dynamic changes in different membrane environments. 

However, membranes, particularly liposomes pose additional challenges for DEER 

analysis as the heterogeneous distribution of spin labeled proteins within the liposome alter 

relaxation times due to spin diffusion.20,23 These can lead to poor DEER modulation and 

thus raise difficulties in accurate and precise distance measurements.20,23 Deuteration of 

solvents, proteins, and membrane mimetics can help with relaxation times to improve the 

quality of the data; however, this can be costly and difficult.23 

 The DEER distribution measures the distance between the unpaired electrons. 

Thus, when analyzing distance distribution data, it is important to take into consideration 

the added distance of the spin label.12 For a nitroxide spin label the unpaired electron 

resides between the N – O bond (Figure 2.3), which is about 0.8 nm from the protein 

backbone.23 The spin label may sample many rotamer orientations as demonstrated in 

Figure 2.13. The conformational space that the spin label samples is contained within the 

distance distribution. Software such as MMM can help identify contributions of the spin 
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label to the distribution by modeling the spin labels onto the protein at the spin labeling 

sites and simulating the DEER distribution between them.52 MMM can “fit” the simulated 

spectra to the experimental DEER data by selecting the rotamer population that is sampled 

in the DEER distribution.52 However, it is critical to consider if the fit distribution makes 

physiological sense. For example, it does not make sense if only a small portion of the 

rotamers are sampled in the fit distribution, as this would not occur in solution. Acquiring 

CW spectra of each of the spin labels individually can aid in this assessment by determining 

how mobile the spin label is at each site. 

 Understanding the limits of the distance information that can be extracted from 

DEER data is essential for proper interpretation. The lower distance limit that can be 

measured with DEER depends on the frequency of the instrument, but generally falls 

within 1.7-2.0 nm.12,15 One full oscillation period is required for accurate distance 

determination, which requires that 𝑡{q| is long enough to do so.16 Thus, accurate 

measurement of the maximal average distance (𝑟q})	and the width of the distribution (𝜎) is 

dependent on 𝑡{q|:12 

𝑟q},{q| ≈ 5�
𝑡{q|
2	𝜇𝑠

v
	𝑛𝑚 

Equation 2.13 

 

𝜎{q| ≈ 4�
𝑡{q|
2	𝜇𝑠

v
	𝑛𝑚 

Equation 2.14 
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This means that for a sample with 𝑡{q| =3.5 𝜇𝑠, which is common for membrane protein 

samples, 𝑟q},{q| ≈ 6 nm and 𝜎{q| ≈ 5 nm.12 For membrane proteins, the upper distance 

limit for interpretation of peak asymmetries or shoulders is only 3.6 nm.12 Above this 

distance, peaks should only be thought of as Gaussian and peak asymmetries cannot be 

interpreted. 

Accurate distance information, both average and width of distribution, is 

additionally influenced by the signal to noise ratio and error associated with background 

subtraction, and Tikhonov regularization. Figure 2.11 shows the drastic effects that the 

choice of 𝛼 has on the resulting distance distribution.15 Background signal is dependent on 

protein concentration due to crowding. If spin label concentration is high (200-500 𝜇M), 

the background signal will dominate and is difficult to remove. A short 𝑡{q| will also cause 

an ill-defined background, and can result in artifacts in the distance distribution.22 On the 

other hand, longer 𝑡{q| can decrease the signal to noise ratio leading to error in the 

analysis.22 Additionally, aggregation or dimerization can yield non-physiological longer 

distances in the distance distribution.12 Thus, it is essential to always test a singly labeled 

protein with DEER to ensure that there are no background contributions from aggregation, 

contaminant, or dimer.  

These considerations are all taken into account in this work when the LspA CW 

and DEER spectra were analyzed in Chapter 3.  
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Figure 2.13. Spin label rotamers. MTSL spin label can occupy many rotamers, as shown 

by the twenty lowest energy conformations at two spin labeling sites. Protein shown is 

LspA (PDB ID: 5dir) and is spin labeled at I43 and A63 as described in Chapter 3. 
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CHAPTER 3. CONFORMATIONAL DYNAMICS OF LspA 

3.1 Introduction  

As described in Chapter 1, with the rapid growth of antibiotic resistance, it is 

imperative that new drugs are developed which target novel pathways. The lipoprotein 

processing pathway is a novel pathway for antibiotic drug targeting as the enzymes 

involved, Lgt, LspA, and Lnt (Figure 1.9), are essential in some organisms including E. 

coli, S. enterica, M. tuberculosis, and S. coelicolor, and have no mammalian homologs.1,2 

Bacterial lipoproteins are characterized by an N-terminal lipid moiety that serves as a 

membrane anchor, and serve a wide range of functions including in signal transduction, 

stress sensing, virulence, cell division, sporulation, nutrient uptake, antibiotic resistance, 

adhesion, and trigger the activation of host innate immune responses.3,4 If lipoproteins are 

not processed correctly they cannot serve these vital functions and the bacteria will be 

compromised. Lipoprotein signal peptidase (LspA) is an aspartyl protease that carries out 

the second step in the lipoprotein processing pathway - cleaving the transmembrane helical 

signal peptide of lipoproteins after lipidation by Lgt. 

 

3.1.1 Project Motivation 

The structures of LspA from P. aeruginosa with the antibiotic globomycin bound, 

and S. aureus with globomycin or myxovirescin bound have been determined by 

crystallization in the lipid cubic phase.2,5 As described in Section 1.2.3, LspA consists of 

four transmembrane helices, a periplasmic helix (PH), and a four-stranded b-sheet, called 

the b-cradle, which rests on the membrane. In the S. aureus structures, that authors termed 

the PH the extracellular loop (EL) as it is from a gram-positive bacteria which does not 
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contain a periplasm.5 The catalytic residues (D124 and D143 in P. aeruginosa LspA, or 

D118 and D136 in S. aureus LspA) and 14 additional highly conserved residues that 

surround the active site were identified.2,5 The extensive conservation indicates that 

mutations arising to block antibiotic binding in the active site, as occurs in antibiotic 

resistance, would also likely interfere with the binding and cleavage of substrate.2 Thus, 

LspA is a powerful target to combat the development of antibiotic resistance. 

The apo and lipoprotein substrate bound structures of LspA have remained elusive 

and thus, the conformational dynamics associated with substrate binding and signal peptide 

cleavage is not understood. Even less is known of the role of the lipid environment in 

substrate binding and LspA cleavage, as the active site lies within the inner membrane. 

Based on identified lipid (from the crystallization conditions) and globomycin interactions 

in the crystal structure, Vogeley et. al proposed an orientation of the lipoprotein substrate 

– LspA complex in which the b-cradle and highly conserved periplasmic helix (PH) 

“clamp” the substrate in place (Figure 3.1 IV).2,5 However, in order for the substrate to 

enter the active site, we propose that there must be a conformational change in which the 

b-cradle and PH expands to a “open” state to allow the substrate to enter the active site 

(Figure 3.1 II and III). We also hypothesize that in the apo state it is possible for the PH 

and b-cradle to come closer together to sample a “closed” conformation (Figure 3.1 I). This 

more compact structure would be energetically favorable as it would bury the charged 

residues of the active site. 

Based on this model, the hypothesis that the b-cradle and PH must undergo 

conformational dynamics in order to allow the lipoprotein substrate to enter the constricted 

active site (Figure 3.1) is investigated using electron paramagnetic resonance (EPR) studies 
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(Section 3.2) and molecular dynamics (MD) simulations (Section 3.3). This hybrid 

approach allows visualization of structures consistent with experimental EPR restraints 

(Section 3.4). 
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Figure 3.1. Hypothesized LspA conformational dynamics. The P. aeruginosa LspA 

crystal structure with the antibiotic globomycin represents the bound state (IV, “bound”). 

In order for the substrate to enter the active site we hypothesize that there are 

conformational dynamics of the PH and b-cradle (II & III, “open”). Without substrate the 

domains may also come closer together (I, “closed”) so that the PH and b-cradle hide the 

active site.  
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3.1.2 Support of Proposed Conformational Dynamics  

Evolutionary couplings (ECs) are correlated mutations in protein sequences which 

can identify close or interacting pairs of residues, or residues that both interact with a 

mutual third moiety such as another residue or a substrate.6–8  Interestingly for LspA, along 

with ECs between helical residues, there are several EC pairs between residues of the b-

cradle and PH (Figure 3.2). Of note, four of these pairs have very high probabilities (0.658-

0.995) (Figure 3.3). These ECs between the b-cradle and PH suggest that there is a 

conformation where the EC residues are either interacting with each other, or both 

interacting with substrate or lipid, supporting the hypothesized closed conformation of 

LspA (Figure 3.1 I). 

 More recently (after the start of this project), the S. aureus LspA structure was 

solved in the presence of globomycin (PDB ID 6RYO) and myxovirescin (PDB ID 

6RYP).5 While the P. aeruginosa (PDB ID 5DIR) and S. aureus globomycin bound 

structures are very similar, the myxovirescin bound LspA structure is much more compact 

or “closed” as the EL folds down and blocks the active site (Figure 3.4). Additionally, 

while globomycin binds toward the PH side of the active site, the myxovirescin inhibitor 

samples a second binding site more toward the b-cradle side of the active site.5  
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Figure 3.2. LspA evolutionary couplings. Evolutionary couplings were generated and 

visualized with the GREMLIN coevolution analysis server as lines between EC pair 

residues.9 Pairs are colored based on the distance between coupled residues: green < 5 Å 

apart, yellow 5- 10 Å, and red > 10 Å.10  
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Figure 3.3. Evolutionary couplings between the b-cradle and PH. ECs determined by 

the GREMLIN server suggest contacts between the b-cradle and PH. Probability between 

teal residues (59 to 136/137): 0.883/0.995, orange residues (52 to 60): 0.934, and red 

residues (58 to 123): 0.653. 
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Figure 3.4. LspA conformational dynamics is supported by crystal structures. The P. 

aeruginosa LspA crystal structure with the antibiotic globomycin (A, PDB ID 5DIR), and 

S. aureus LspA with the antibiotic myxovirescin (B, PDB ID 6RYP) provide two structures 

that support the hypothesis that there are conformational dynamics of the PH and b-cradle. 

The catalytic dyad is colored red. 
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3.2 Electron Paramagnetic Resonance Studies 

 In order to investigate the conformational dynamics between the PH and b-cradle, 

CW and DEER EPR experiments were conducted with spin labels place on these domains. 

As described in Chapter 2, EPR is an excellent technique to study the conformational 

dynamics of membrane proteins as it uses small labels to probe the environment of specific 

sites, and does not have protein size limitations.  

 

3.2.1 Continuous Wave EPR Studies 

3.2.1.1 CW in FC12 Micelles 

P. aeruginosa LspA solubilized in FC12 micelles was spin labeled (see methods) 

at two sites in the PH (A57R1 and A63R1) and three sites in the b-cradle (M36R1, I43R1, 

and V41R1) (Figure 3.5A). Continuous wave (CW) EPR spectra indicate that each of these 

sites in apo LspA are in regions with backbone fluctuations in the nanosecond timescale 

(Figure 3.5B). As expected from the globomycin bound crystal structure, the CW spectra 

are broadened upon addition of globomycin for sites in the PH, but not in the b-cradle, with 

the exception of M36 which is on a loop site (Figure 3.5B). The spectral broadening 

indicates that sites in the PH have a decrease in mobility of the spin label upon globomycin 

addition, while sites in the b-cradle do not show a change in mobility. Thus, these data 

suggest that the PH becomes less dynamic when LspA is bound to globomycin. Broadening 

was most dramatic for site A63R1, and a wider range of globomycin concentrations was 

tested for this site (Figure 3.6). With increasing concentrations of globomycin, an 

additional spectral component appears in the A63R1 lineshape (Figure 3.6, arrow), 

indicating a second more immobile conformation of the spin label. It is interesting to note 
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that changes in the CW spectra were seen with up to around 100 molar excess of 

globomycin while the reported IC50 of globomycin is reported to be in the nM range.11–14 

Assuming that LspA at 100 molar excess is fully bound, fitting of the A63R1 CW spectral 

changes indicates a Kd of 6.8 mM (Figure 3.7). While this is not a reliable measurement 

due to the error in the fit, it is 1000 fold greater than the reported Km which is in the 𝜇M 

range (Table 4.1).5,13 This fit uncertainty is due to the appearance of the second spectral 

component (Figure 3.6), so the broadening in the lineshape is not a linear combination of 

bound and apo conformations. 

The appearance of the second lineshape component in the CW spectra indicates that 

there are two binding modes of globomycin: one in which A63R1 remains mobile (but less 

mobile than the apo state) and another in which A63R1 is in a more rigid conformation. 

Interestingly, a comparison of the location of globomycin and myxovirescin in the S. 

aureus LspA structures indicates that although only one conformation is observed for each 

antibiotic in these crystal structures, and both antibiotics interact with the same catalytic 

residues, their conformations in the active site are different. Myxovirescin occupies more 

space toward the PH side of the active site and thus the PH has more tertiary contacts with 

the inhibitor, while globomycin occupies more space toward the b-cradle side of the active 

site. The residue corresponding to P. aeruginosa A63 is S61 in S. aureus LspA. S61 is seen 

to interact with N53 in the myxovirescin structure, but in the globomycin bound structure 

is on a solvent accessible loop (Figure 3.8). S61 is therefore more restricted in the 

myxovirescin structure than in the globomycin structure. It is possible that with increasing 

concentrations, globomycin also samples this second binding site leading to the second 

more immobile conformation of the spin label. 
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Figure 3.5. CW spectra. A) Spin label sites of P. aeruginosa LspA. B) CW spectra of 

sites shown in A at 0 (black), 1 (red), 5 (blue), 10 (green), and 20 (purple) globomycin to 

LspA molar ratio. 
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Figure 3.6. A63R1 CW spectra. Increasing concentrations of globomycin (from 0-100 

globomycin to LspA molar ratio, red to purple) broaden the CW lineshape and show a 

second structural element (arrow) indicating a more rigid conformation. 
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Figure 3.7. Fit of A63R1 CW spectra. Computed spectra were generated by the equation: 

x(bound spectrum) + (1-x)(free spectrum) with 0 molar ratio being the “free spectrum” and 

100 molar ratio being the “bound spectrum”. Each experimental spectrum was compared 

to the computed spectra and the percent bound (x) was determined for the best fit between 

computed and experimental spectra. The percent bound vs. globomycin concentration plot 

was used then to fit the Bmax and Kd. 
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Figure 3.8. Location of spin label site in S. aureus LspA. S61, the analogous residue to 

A63 in P. aeruginosa LspA, is on a solvent exposed loop in the globomycin bound 

structure, but has tertiary contacts in the myxovirescin bound structure. The antibiotics are 

colored by B-factor from blue (low) to red (high). PDB IDs 6RYO (globomycin bound, 

left) and 6RYP (myxovirescin bound, right). 
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3.2.1.2 CW with the Addition of Lipids 

 In order to investigate the role of the membrane environment, CW spectra were 

acquired at various q values (lipid to detergent ratio) for A63R1 LspA in DMPC/FC12 and 

POPG/FC12 bicelles. The addition of both DMPC and POPG (Figure 3.9) caused 

broadening of the CW spectra, although to a lesser extent than the addition of globomycin 

(Figure 3.6). The DMPC/FC12 spectra did not broaden until q=0.75, while POPG/FC12 

spectra showed broadening starting at q=0.3.  

A63R1 LspA was tested in DMPC/FC12 at higher q-values to determine if further 

broadening would occur (Figure 3.10). Again, spectra from q=0 to q=0.5 mostly overlaid.  

Above q=0.5 the lineshape broadened and the spectra from q=0.75 to q=2 also overlaid. 

This suggests that the lipid and detergent molecules of the bicelles are mixed until q=0.5, 

and then then become segregated with lipids in the core and detergents in the rim as in an 

ideal bicelle (see Chapter 5 for further characterization of bicelles). This agrees with SAXS 

data completed by a lab member, Nicole Swope. As described in Section 5.1.2, SAXS is 

able to measure the headgroup to headgroup distance (L) between amphiphiles in a bicelle. 

Nicole’s data show that for DMPC/FC12 bicelles, L increases from q=0 to q=0.4 and then 

levels off around 48 Å for q≥0.5 (Figure 3.11). Again, this suggests mixing up to q=0.4 

and then segregation at higher q values. The broadening observed upon lipid addition 

indicates that the addition of lipid decreases the mobility of the spin label. 

DMPC/FC12 bicelles were chosen for all further experiments as the segregation 

has been characterized (Figure 3.11), and they are well behaved in solution. Twenty molar 

excess globomycin was added to A63R1 LspA DMPC/FC12 bicelle samples at q = 0.3, 

0.5, 0.75, and 1. Surprisingly, there were no lineshape changes upon the addition of 
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globomycin (Figure 3.12) as were seen in FC12 micelles (q=0). Since there are no 

lineshape changes, it is impossible to determine from these data if globomycin is in fact 

binding to LspA in bicelles. The altered membrane environment may impact the 

partitioning of globomycin into the bicelle or LspA active site, or alter the conformational 

dynamics of LspA such that globomycin cannot enter the active site. 
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Figure 3.9. CW spectra with the addition of lipid. CW of A63R1 LspA in DMPC/FC12 

(left) and POPG/FC12 (right) bicelles at q values of 0 (black), 0.3 (red), 0.5 (blue), 0.75 

(green), and 1 (purple) show broadening upon the addition of lipid. 6% amphiphile 

concentration was used.  
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Figure 3.10. DMPC/FC12 CW titration. CW for A63R1 LspA in DMPC/FC12 bicelles 

were acquired from q=0 to q=2 at 6% amphiphile concentration. 
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Figure 3.11. DMPC/FC12 SAXS data. Headgroup to headgroup distance L was 

determined from SAXS data of DMPC/FC12 bicelles from q=0 to 1. This work was 

performed by Nicole Swope (unpublished). 
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Figure 3.12. CW of DMPC/FC12 LspA with globomycin. CW spectra without (black) 

and with (red) globomycin for A36R1 LspA in DMPC/FC12 bicelles from q=0 to q=1. 
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3.2.2 Double Electron Electron Resonance Studies 

3.2.2.1 I43R1/A63R1 in FC12 Micelles 

To better understand the conformation changes involving the b-cradle and PH 

between the apo and globomycin bound states, double electron-electron resonance (DEER) 

EPR was conducted with P. aeruginosa LspA doubly spin labeled at I43R1 (on the b-

cradle) and A63R1 (on the PH) (Figure 3.5A). As discussed in Chapter 2, the DEER data 

for this sample can be realistically interpreted in the 1.8-6.0 nm range.15 In the apo state, 

the distance between I43R1 and A63R1 is broad, from 1.8-4.5 nm, and is centered around 

2.9 nm (Figure 3.13). Upon addition of globomycin, three populations are observed at 2.7, 

3.6, and 4.5 nm with the longer distance conformation being the most populated (Figure 

3.13). The two shorter globomycin distance peaks fit within the apo distribution, and there 

is a large degree of uncertainty in this area (Figure 3.13). These data suggest that the b-

cradle and PH are closer together in the apo state than in the globomycin bound state as in 

Figure 3.1 I. As stated previously, the apo “closed” state may be important to occlude the 

charged catalytic residues from the hydrophobic membrane.  

Multiscale Modeling of Macromolecules (MMM) is a program which allows for 

the addition of spin labels at sites of interest on protein structures and the subsequent 

simulation of the DEER distribution between the two spin labeled sites.16 Experimental 

DEER data can then be uploaded, and the simulated DEER distribution can be fit to the 

experimental data by selecting spin label rotamers which fit within the experimental 

distribution. In this way the apo and globomycin DEER distributions were analyzed against 

the simulated DEER distributions for each of the three LspA structures (Figure 3.14), with 

I41 and S61 being the homologous residues to I43 and A63 in S. aureus LspA. The 
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globomycin bound DEER distribution matches well with the MMM simulated spectra for 

both globomycin structures, while the apo DEER distribution matches best with the S. 

aureus myxovirescin bound structure. The fit MMM distributions only cover a portion of 

the apo DEER distribution for the globomycin bound structures, while it covers the entire 

distribution in the myxovirescin bound structure (Figure 3.14 top). The coverage of the 

MMM fit is exemplified in the percentage of total rotamers that contribute to the fit MMM 

distribution (Table 3.1). While only 12.3 and 20.2% of rotamers are contained within the 

MMM distribution fit to the apo DEER data for P. aeruginosa and S. aureus globomycin 

bound structures, respectively, 99.6% are contained within the fit MMM distribution for S. 

aureus LspA bound to myxovirescin (Table 3.1).  For the globomycin bound DEER 

distributions, 99-100% of rotamers are contained within the fit MMM distributions for all 

three structures, because each is entirely contained within the experimental DEER 

distribution. However, the fit MMM distributions only cover a portion of the globomycin 

experimental distribution. The globomycin bound fit MMM distributions both fit well to 

the more prominent peak at 4.5 nm, while the myxovirescin bound structure fit MMM 

distribution only covers the shorter peaks in the distribution (Figure 3.14 bottom). Thus, 

the MMM analysis demonstrates that the globomycin bound structures (PDB IDs 5DIR 

and 6RYO) represent the globomycin bound experimental DEER peak at 4.5 nm, while the 

myxovirescin bound structure (PDB ID 6RYP) is a representation of the apo DEER results. 
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Figure 3.13. I43R1/A63R1 DEER analysis. Top) Best fit of the DEER echo decay for 

apo (black, left) and globomycin bound (red, right) LspA. Bottom) DEER distributions for 

apo (black, left) and globomycin bound (red, right) LspA. Error is shown in gray. The 

addition of globomycin at a 20:1 molar ratio shows the appearance of a longer distribution 

around 4.5 nm. 
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Figure 3.14. I43R1/A63R1 LspA MMM simulated spectra. MMM simulated spectra for 

P. aeruginosa globomycin bound structure (teal, left, PDB ID 5DIR), S. aureus 

globomycin bound structure (blue, middle, PDB ID 6RYO), and S. aureus myxovirescin 

bound structure (purple, right, PDB ID 6RYP), were compared and fit to apo (top, black) 

and globomycin bound (bottom, red) I43R1/A63R1 DEER data in FC12 micelles. 

Simulated spectra with no rotamer bias are shown as solid lines while fit simulated spectra 

selecting for rotamers which fit the experimental distribution are shown as dashed lines. 

I43R1/A63R1 corresponds to I41R1/S61R1 in S. aureus LspA. 
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Table 3.1 Percent of rotamers in fit 
MMM distributions (Fig. 3.14)

DEER Dataset
Cr

ys
ta

l S
tr

uc
tu

re PDB ID Species Antibiotic Apo Glob

5dir P. aeruginosa Globomycin 12.3 99

6ryo P. aeruginosa Globomycin 20.2 100

6ryp S. aureus Myxovirescin 99.6 100
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3.2.2.2 M36R1/A63R1 in FC12 Micelles 

Another spin label pair, M36R1 (on the b-cradle) and A63R1 (on the PH) was 

additionally tested via DEER spectroscopy in FC12 micelles (Figure 3.5A). The DEER 

distribution for this spin label pair was not as informative as the I43R1/A63R1 pair, as it 

yielded broader distributions for both apo and globomycin bound states from 1.8-4.8 nm 

(Figure 3.15). The apo distribution appears Guassian and is centered at 2.9 nm, while the 

globomycin bound distribution has a major peak centered at 2.7 nm and shoulder to the 

right. The uncertainty of the fit in this region make the validity of these shoulder peaks 

questionable. The broadness of the spectra may be due to M36R1 residing on a loop 

allowing it to sample a greater volume of conformational space (Figure 3.5A). However, 

the CW spectrum for M36R1 shows a similar lineshape to I43R1 indicating that the two 

sites have a similar amount of flexibility (Figure 3.5B).  

MMM analysis was similarly uninformative as the apo and globomycin bound 

DEER distributions are similar and they both fit the simulated MMM distributions for the 

globomycin bound structures (M36 corresponds to I34 of S. aureus LspA). However, the 

simulated distribution for myxovirescin-bound LspA showed shorter distances than 

observed in either DEER distribution. (Figure 3.16). The myxovirescin structure MMM fit 

distribution was closer for the globomycin DEER distribution than for the apo DEER 

distribution because this peak has a slightly shorter average distance (Figure 3.16). The 

simulated distribution contains distances that are below the limit of DEER observation 

(<1.8 nm), and so it cannot be determined from this DEER analysis if those shorter 

distances are sampled between M36 and A63 in the LspA structure. However, broadening 

due to interactions of the magnetic dipoles of the spin labels was not observed in the 
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M36R1/A63R1 CW spectra, which would indicate a pairwise distance of ~8-20 Å.17 

Overall, these data suggest that the distances sampled between M36 and A63 do not change 

upon the addition of globomycin, and agree with the globomycin bound crystal structures. 
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Figure 3.15. M36R1/A63R1 DEER analysis. Top) Best fit of the DEER echo decay for 

apo (black, left) and globomycin bound (red, right) LspA. Bottom) DEER distributions for 

apo (black, left) and globomycin bound (red, right) LspA in FC12 micelles. Error is shown 

in gray. Globomycin was added at a 20:1 molar ratio. 
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Figure 3.16. M36R1/A63R1 LspA MMM simulated spectra. MMM simulated spectra 

for P. aeruginosa globomycin bound structure (teal, left, PDB ID 5DIR), S. aureus 

globomycin bound structure (blue, middle, PDB ID 6RYO), and S. aureus myxovirescin 

bound structure (purple, right, PDB ID 6RYP), were compared and fit to apo (top, black) 

and globomycin bound (bottom, red) M36R1/A63R1 DEER data in FC12 micelles. 

Simulated spectra with no rotamer bias are shown as solid lines while fit simulated spectra 

selecting for rotamers which fit the experimental distribution are shown as dashed lines. 

M36R1/A63R1 corresponds to I34R1/S61R1 in S. aureus LspA. 
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3.2.2.3 I43R1/A63R1 in DMPC/FC12 Bicelles 

To probe the effects of the membrane mimetic, the I43R1/A63R1 spin label pair 

was again tested with DEER spectroscopy with LspA solubilized in DMPC/FC12 bicelles 

with q=1 (50% of each amphiphile component) at an amphiphile concentration of 18%. A 

q value of 1 was chosen as bicelles with this lipid to detergent ratio are segregated, as 

demonstrated by the CW spectra of A63R1 in various DMPC/FC12 q-value bicelles 

(Figure 3.10) and SAXS analysis (Figure 3.11). 

Strikingly, the echo decays of apo and globomycin bound LspA in bicelles are very 

similar, resulting in very similar distance distributions (Figure 3.17). Both show a very 

broad peak from 1.8 to 4.8 nm and a second, less populated peak at 5.4 nm. While the broad 

peaks seem to have slightly different populations (with the apo distribution having a peak 

at 2.7 nm and a shoulder peak at 3.7 nm and the globomycin distribution having more of a 

single Gaussian distribution), the uncertainties of these peaks are large (Figure 3.17). The 

error seen in the distance distributions, along with the similarity of the echo decays, do not 

allow for the interpretation of distinct distributions in the 1.8 to 4.7 nm range. Thus, here, 

globomycin does not change the distance distribution. Comparing the I43R1/A63R1 

micelle and bicelle DEER distributions, the shorter broad distributions are aligned while 

the longer distance peak has increased in distance from 4.5 nm in the micelle distribution 

to 5.4 nm in the bicelle distribution (Figure 3.18). This increase in pairwise distance may 

be due to the bicelles being larger than the micelles, allowing the protein to sample a wider 

conformational state. 

Simulated DEER distributions of I43R1/A63R1 by MMM for the globomycin 

bound structures do not fit well to either the apo or the globomycin DEER data in 
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DMPC/FC12 bicelles (Figure 3.19). The simulated distribution lies between the two 

experimental DEER peaks, and the fit distributions shifts left to fit a portion of the broad 

shorter distance distribution. The shorter, broad distance peak of the DEER distributions 

align better with the myxovirescin structure (Figure 3.19). 

As described in Section 3.2.1.2, the CW spectra did not show any lineshape changes 

upon the addition of globomycin when LspA is solubilized in DMPC/FC12 bicelles (Figure 

3.12). The lack of change between apo and globomycin bound LspA in the CW spectra as 

well as the DEER distributions suggests that globomycin is not binding to LspA in the 

bicelle membrane mimetic. The alternative could be that globomycin is binding but does 

not change the conformational dynamics of the b-cradle and PH. In this case, more research 

would need to be conducted to determine why LspA would have changes in conformational 

dynamics in a micelle but not a bicelle upon the addition of globomycin.  
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Figure 3.17. I43R1/A63R1 DEER analysis in DMPC/FC12 bicelles. Top) Best fit of the 

DEER echo decay for apo (black, left) and globomycin bound (red, right) LspA. Bottom) 

DEER distributions for apo (black, left) and globomycin bound (red, right) LspA. Error is 

shown in gray. Globomycin was added at a 20:1 molar ratio and DMPC/FC12 was at a q-

ratio of 1. 
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Figure 3.18. I43R1/A63R1 DEER in micelles compared to bicelles. Apo (black) and 

globomycin bound (red) I43R1/A63R1 LspA DEER distributions are shown for protein 

in FC12 micelles (solid lines) and DMPC/FC12 bicelles (dotted lines) at q=1. Error is not 

shown for clarity. 
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Figure 3.19. I43R1/A63R1 LspA MMM simulated spectra compared to DEER in 

DMPC/FC12 bicelles. MMM simulated spectra for P. aeruginosa globomycin bound 

structure (teal, left, PDB ID 5DIR), S. aureus globomycin bound structure (blue, middle, 

PDB ID 6RYO), and S. aureus myxovirescin bound structure (purple, right, PDB ID 

6RYP), were compared and fit to apo (top, black) and globomycin bound (bottom, red) 

I43R1/A63R1 DEER data in DMPC/FC12 bicelles at q=1. Simulated spectra with no 

rotamer bias are shown as solid lines while fit simulated spectra selecting for rotamers 

which fit the experimental distribution are shown as dashed lines. I43R1/A63R1 

corresponds to I41R1/S61R1 in S. aureus LspA. 
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3.3 Molecular Dynamics Simulations  

 In order to visualize the conformational states of LspA represented in the DEER 

data, molecular dynamics (MD) simulations were performed in collaboration with Dr. 

Owen Vickery and Dr. Phill Standfeld of the University of Warwick. The P. aeruginosa 

LspA crystal structure (PDB ID 5DIR) was first equilibrated in a 

palmitoyloleolylphosphatidylglycerol (POPG) palmitoyloleoylphosphatidylethanolamine 

(POPE) (1:3 mole ratio) bilayer, and subsequently three 500 ns simulations were performed 

for both apo and globomycin bound LspA (see methods Section 3.6.4 for details). 

 To compare MD and DEER data, the distances between residues spin labeled in 

EPR experiments (I43-A63 and M36-A63) were measured for each simulation (Figure 

3.20). Then, histograms of these distances were made to produce a distance distribution 

similar to the DEER data (Figure 3.21). However, these distance measurements are 

between the 𝛼-carbons of the two residues while the DEER distance measurements are 

between the unpaired electron of the spin label. Thus, care needs to be taken when 

comparing these results. Combining the histograms from all three simulations for each 

condition (apo and globomycin) and each distance pair (I43-A63 and M36-A63), allowed 

for a more global interpretation of each data set (Figure 3.22).  
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Figure 3.20. MD distance measurements. The distance between the 𝛼-carbons of I43-

A63 (top) and M36-A63 (bottom) were measured for apo (left) and globomycin bound 

(right) simulations. The distances derived from the three simulations for each condition are 

represented by gray, blue, or orange traces.  
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Figure 3.21. MD distance histograms. The measured simulation distances seen in Figure 

3.20 were compiled into a histogram to better visualize the populations of the distance 

distribution for each simulation trajectory. 
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Figure 3.22. Combined MD histograms. Making a histogram combining all three 

simulation sets for each condition resulted in a more global analysis of each condition. The 

distance distribution for apo simulations is shown in black and globomycin bound 

simulations is shown in red for the I43-A63 pair (left) and the M36-A63 pair (right). 
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3.4 Comparison of EPR and MD Studies 

3.4.1 Comparing distance distributions 

MD derived distances are measured from C𝛼 to C𝛼 while DEER distances are 

measured between the spin labels. Thus, the DEER derived distances are around 8-10 Å 

longer than the MD derived distances. Additionally, the MD simulations were each run for 

500 ns and so may not capture all conformations sampled in solution. 

For the M36-A63 pair, the apo and globomycin MD distributions are broad and 

cover a similar distance range with apo sampling 1.8-3.1 nm centered at 2.5 nm and 

globomycin sampling 2.1-3.1 nm centered at 2.6 nm. These results are consistent with the 

DEER data in that the distributions are similar, except that in the DEER results the apo 

distribution was centered at a slightly longer distance than the globomycin distribution, and 

in the MD data the globomycin distribution is centered at a slightly longer distance than 

the apo distribution (Figures 3.15 and 3.22). Additionally, some population of longer 

distances (up to 4.9 nm) are seen in the DEER distribution (Figure 3.15). These 

inconsistencies may have arisen due to the short timescale of the MD simulations or the 

varying membrane environment, but overall the apo and globomycin distributions are both 

broad and similar. 

On the other hand, the I43-A63 MD analysis did not yield results similar to the 

DEER analysis. The globomycin bound I43-A63 MD distribution was from 3.5-4.6 nm but 

peaked at 3.8 nm. The apo MD distribution was broad from 3.0-4.5 nm but had a shorter 

peak centered at 3.2 nm and then a second broad peak from 3.6-4.2 nm (Figure 3.22). Thus, 

the apo structure samples shorter distances than the globomycin bound structure in the MD 

simulations, but they both sample up to the same maximum distance (Figure 3.22). 
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Contrarily, the experimental DEER results in micelles showed that apo and globomycin 

bound structures both had a similar minimum distance, but the globomycin bound structure 

sampled a population of longer distances at 4.5 nm. The MD distributions also do not agree 

with the experimental DEER results in bicelles where a similar distance range was 

observed for both states (Figure 3.15). 

 

3.4.2 MMM analysis of MD conformations 

 In order to directly compare MD and DEER results, structure files were extracted 

from the MD simulation, spin labels were added via MMM, and the DEER distribution 

was simulated (Figure 3.23). The simulated MMM distribution was then fit to the 

experimental DEER results by selecting the spin label rotamers that agree with the DEER 

distribution (Figure 3.23). 

 An MD structure was extracted corresponding to the most populated I43/A63 apo 

conformation at 3.8 nm. This structure yielded a simulated DEER distribution with a peak 

around 5 nm, far from the 2-4 nm peak observed in the experimental DEER distribution in 

micelles (Figure 3.24A), and was between the two experimental distribution peaks seen in 

the bicelle DEER data (Figure 3.25A). Thus, another structure was extracted corresponding 

to the shorter distance peak at 3.2 nm. This structure also yielded a simulated DEER 

distribution longer than the observed experimental distribution for micelles (Figure 3.24B), 

and was again between the two distance distribution peaks seen in the bicelle DEER data 

(3.25B). Fitting the simulated distribution to the micelle DEER data allowed for partial 

fitting of the experimental DEER distribution, however this distribution only contains 

66.2% of spin label rotamers (Figure 3.26B). Thus, the fit MMM distribution is overfitting 
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the data. Finally, the structure with the shortest I43-A63 distance observed in the MD 

simulations (2.9 nm) was extracted (Figure 3.24C and 3.25C). This structure yielded a 

MMM simulated distance distribution around 4.1 nm. The fit distribution accounts for 

91.1% of spin label rotamers for the micelle sample and fits the shorter distance distribution 

in the bicelle sample better. Thus, the apo LspA structure in both micelles and bicelles 

samples shorter distances experimentally than are observed in the MD simulations.  

For the globomycin I43/A63 distance pair, a structure was extracted at the most 

populated distance of 3.8 nm. MMM analysis of this LspA structure showed a peak similar 

to the longer distance peak seen in the micelle DEER distribution, and the MMM fit 

distribution covered this peak well (Figure 3.26A). The simulated MMM distribution for 

this structure covered the shorter half of the longer distance seen in the globomycin bicelle 

DEER distribution, but when fit covers the shorter peak in the distribution (Figure 3.27A). 

As this peak is more populated, the MMM fit distribution is biased toward the shorter 

population. Another structure corresponding to a median pairwise distance of 4.1 nm was 

also extracted and analyzed. This structure has a simulated distribution at about 5.5 nm, 

which covers the micelle globomycin experimental peak at 4.5 nm when fit (Figure 3.26B). 

However, the shorter distances from 2-3 nm were not sampled by this MD-derived 

structure. The MMM simulated distribution for this extracted MD structure fits perfectly 

to the longer distance peak seen in the bicelle globomycin DEER distribution (Figures 

3.27B and 3.28). It also fits to the same peak in the apo bicelle DEER distribution (Figure 

3.28A). However, when these simulated distributions are fit to the experimental 

distributions, the program again biases toward the more populated shorter distances and no 
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longer covers these longer peaks (Figure 3.28B). This exemplifies the caution that needs 

to be taken when fitting MMM distributions.   

The simulated DEER distributions for structures corresponding to the most 

populated M36-A63 distances for apo (2.5 nm) and globomycin (2.6 nm) both fit well to 

the experimental DEER data (Figure 3.29). Both simulated distributions were slightly 

longer than the DEER data, but when fit by MMM cover the experimental distributions 

precisely.  
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Figure 3.23. MD analysis workflow. Distances between pairs are measured for each MD 

simulation, formatted into histograms, and used to choose which structures to analyze. Spin 

labels are added to this structure and the DEER distribution is simulated by MMM. The 

simulated MMM distribution is then fit to the experimental DEER results. 

 

 



 151 

 

Figure 3.24. I43R1/A63R1 apo MD MMM analysis compared to micelle DEER data. 

Structures were chosen at the most populated I43-A63 distance (A) the maximum of the 

shorter distance peak (B) and the shortest observed distance (C) for the apo LspA 

simulations. These were used to simulate the DEER distributions (solid blue line) which 

were then fit (dotted blue line) by selecting spin label rotamers that fit to the experimental 

apo micelle DEER distribution (black). 
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Figure 3.25. I43R1/A63R1 apo MD MMM analysis compared to bicelle DEER data. 

Structures were chosen at the most populated I43-A63 distance (A) the maximum of the 

shorter distance peak (B) and the shortest observed distance (C) for the apo LspA 

simulations. These were used to simulate the DEER distributions (solid blue line) which 

were then fit (dotted blue line) by selecting spin label rotamers that fit to the experimental 

apo bicelle DEER distribution (black). 
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Figure 3.26. I43R1/A63R1 globomycin MD MMM analysis compared to micelle 

DEER data. Structures were chosen at the most populated I43-A63 distance for 

globomycin bound LspA (A), and at a median distance of 4.1 nm (B) (left). These structures 

were used to simulate the DEER distributions (solid blue line) which were then fit (dotted 

blue line) by selecting spin label rotamers that fit to the experimental micelle DEER 

distribution (red).  
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Figure 3.27. I43R1/A63R1 globomycin MD MMM analysis compared to bicelle DEER 

data. Structures were chosen at the most populated I43-A63 distance for globomycin 

bound LspA (A), and at a median distance of 4.1 nm (B) (left). These structures were used 

to simulate the DEER distributions (solid blue line) which were then fit (dotted blue line) 

by selecting spin label rotamers that fit to the experimental bicelle DEER distribution (red).  
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Figure 3.28. MD MMM distributions fit to bicelle DEER data. The simulated DEER 

distribution for the MD structure with a I43-A63 distance of 4.1 nm (Figure 3.27B) aligns 

with the longer distance peak seen in both apo (left) and globomycin bound (right) LspA 

in bicelles (A). However, when the MMM distribution is fit (B) the more populated shorter 

distances bias the fit distribution so that it does not fit either of the peaks. Simulated DEER 

distribution shown as solid blue line, fit simulated distribution shown by dotted blue line, 

and experimental DEER distribution shown by black (apo) or red (globomycin) lines. 
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Figure 3.29. M36R1/A63R1 MD MMM analysis. Structures were chosen at the most 

populated M36-A63 distance for apo (A) and globomycin bound (B) LspA (left). These 

were used to simulate the DEER distributions (solid blue line) which were then fit (dotted 

blue line) by selecting spin label rotamers that fit to the experimental micelle DEER 

distribution (black, apo and red, globomycin).  

 

 

 

 

 



 157 
3.4.3 Generating model structures 

 Three structures were extracted from the molecular dynamics simulations which 

represent closed, intermediate, and open states which are sampled in the experimental 

DEER distributions (Figures 3.30-3.33). 

The closed conformation has an I43-A63 distance of 3.2 nm and a M36-A63 

distance of 2.5 nm (Figure 3.30, gray). As described above, this structure contributes to a 

portion of the apo DEER distributions in both micelles and bicelles, but shorter I43-A63 

distances are observed in the experimental DEER distribution than are observed in the MD 

simulated distribution (Figure 3.24B, 3.25B). This suggests that the closed structure may 

not be as constricted as observed experimentally. However, this closed structure is in close 

alignment with the myxovirescin crystal structure. Interestingly, while the orientations of 

the PH and b-cradle in the closed MD structure and myxovirescin crystal structure align 

well and create the same constricted structure, the A63 (S61 in S. aureus LspA) spin label 

orientation is influenced by the curvature of the PH (Figure 3.34). Thus, the distance 

distribution for the myxovirescin crystal structure is shorter and agrees better with the apo 

DEER distribution in micelles (Figure 3.14), while the closed MD derived structure results 

in a slightly longer distance distribution (Figure 3.24B). This suggests that the same 

constricted structure is observed in the DEER data and MD simulation, and that the 

differences seen in the distance distributions are due to differing orientations of the spin 

labels and not movement of the PH. This difference exemplifies the complexity of 

interpreting DEER distance distributions due to the flexibility of the spin label, and shows 

that small changes in side chain orientation can greatly influence the distance distribution. 

While the MD globomycin structure does not sample the closed structure distance pairs, it 
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is possible that over a longer timescale the globomycin bound LspA structure could sample 

this structure, as indicated by a second more immobile component in the CW spectra upon 

globomycin addition, and the overlap of the globomycin and apo DEER distributions at 

shorter distances.  

 The intermediate conformation state has an I43-A63 distance of 3.8 nm and a M36-

A63 distance of 2.6 nm corresponding to the most populated distance states for each of 

these pairs in the globomycin trajectories (Figure 3.30, red). This structure aligns well with 

the globomycin crystal structures.  The simulated distribution for this structure agrees well 

with the globomycin induced population in the micelle DEER distribution at 4.5 nm 

(Figure 3.26A), and resides between the two distance distributions of the bicelle 

globomycin bound DEER distribution (Figure 3.27A). Thus, this structure best represents 

the globomycin bound state in a micelle membrane mimetic. It is possible that this state 

could also represent a myxovirescin bound structure if myxovirescin can occupy both 

binding sites as hypothesized for globomycin. Preliminary MD studies suggest that 

myxovirescin can occupy the two binding sites (personal communication with Dr. Denis 

Wolan), but future work would need to be completed to collect DEER data for 

myxovirescin bound LspA to determine if this is observed in solution. 

 The open state has an I43-A63 distance of 4.1 nm and a M36-A63 distance of 2.7 

nm (Figure 3.30, blue). This structure agrees very well with the longer distance peaks seen 

in the apo and globomycin bound bicelle distance distributions around 5.5 nm (Figure 

3.28A), and also covers distances seen in the globomycin bound micelle DEER distribution 

(Figure 3.26B). Thus, this structure represents a more open conformation that is seen in 

both the micelle and bicelle DEER data, but is more prominent in the bicelle DEER data. 
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The PH - b-cradle orientation in this structure is wider than is seen in any crystal structure. 

This open structure may occur in either the apo or substrate bound states, as the structure 

was sampled in both the apo and globomycin bicelle DEER distributions and is seen in 

both the apo and globomycin bound MD simulations. However, this conformation was not 

sampled in the micelle apo DEER distribution. Perhaps the size of the micelle constricted 

the conformational dynamics of the protein, or perhaps the open conformation is more 

stabilized by the bicelle environment. 

Comparison of these three structures yields a constricted conformation between the 

PH and b-cradle for the closed structure, an intermediary conformation for the intermediate 

structure, and the widest conformation for the open structure (Figure 3.30 and 3.31). The 

differences between these conformations is due to a movement of the PH domain. All other 

parts of the protein do not show conformational change. The intermediate structure agrees 

well with the globomycin bound crystal structures, while the closed MD derived structure 

agrees well with the myxovirescin crystal structure. The open MD derived structure is not 

represented by a crystal structure. 

The PH is oriented much closer to the b-cradle in the closed structure. At the most 

constricted point, the b-cradle and PH backbone are only 6.2 Å apart which completely 

occludes access to the active site, as can be visualized by a surface representation (Figure 

3.31). This closed conformation keeps the negatively charged residues in the active site 

from interacting with the hydrophobic lipid environment, which are more exposed in the 

globomycin structure, and most exposed in the open structure (Figure 3.32).  

While the MD derived intermediate and open structures show a trigonal cavity 

allowing for the lipoprotein, signal peptide, and DAG moiety of the lipoprotein substrate 
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to fit in the active site, the closed structure does not show this trigonal feature. Notably, the 

groove where DAG is hypothesized to reside is blocked, and there is a much thinner space 

for the linker from the signal peptide to the lipoprotein soluble domain (Figure 3.33). While 

the intermediate structure shows the trigonal cavity, there is obstruction where the signal 

peptide helix is hypothesized to reside. This makes sense, as while globomycin binds in 

the active site and mimics the lipoprotein lipobox,2 it does not contain the signal peptide. 

Although not completely clear, the open conformation has the most space in the signal 

peptide groove. Thus, this open structure of LspA may represent a conformation that allows 

the prelipoprotein to enter into and bind in the active site of LspA in the correct orientation 

for signal peptide cleavage. 
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Figure 3.30. MD derived model structures. A) Distances of I43-A63 (left) and M36-A63 

(right) for each structure are shown. B) Closed (gray), intermediate (red), and open (blue) 

structures show movement of the PH domain. 
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Figure 3.31. Surface representation of structures. From the front view (top) and top 

view (bottom), the surface representations clearly show the opening of the active site from 

the closed (gray) to intermediate (red) to open (blue) conformations through the movement 

of the PH domain relative to the b-cradle. 
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Figure 3.32. Protein electrostatics. Charged residues in the active site are hidden in the 

closed conformation. Positive charged residues are shown in red and negative charged 

residues in blue. 
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Figure 3.33. Cavity fill models. Cavity fill models generated in pyMOL show the space 

available in the active site and binding grooves. The trigonal cavity where the 

prelipoprotein is hypothesized to bind is shown as yellow lines on the open structure. 
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 Figure 3.34. Spin labeled LspA. Although the S. aureus myxovirescin crystal structure 

(PDB ID 6RYP) and the P. aeruginosa closed MD derived structure have a similar 

constricted structure, the curvature of the PH causes the spin labels to be facing in different 

directions leading to differing distance distributions. 
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3.5 Conclusions 

 LspA is an excellent target for the development of antibiotic drugs as it is essential 

in several bacteria and may be impervious to the development of antibiotic resistance.1,2 

Here we report the first study of LspA conformational dynamics, which allows for a better 

understanding of the mechanism of LspA. EPR data show changes in LspA conformation 

upon binding of the antibiotic globomycin and suggest a more closed PH - b-cradle 

conformation in the apo state. MD simulations agree with experimental DEER data. Slight 

discrepancies in EPR and MD data, such as the shorter distances observed in the apo DEER 

distribution, may arise due to differences in the membrane mimetics used and the timescale 

sampled by MD.  

 Complementation of EPR and MD data allowed for the generation of three model 

structures which represent the conformational states of LspA. These structures suggest that 

in the apo state the b-cradle and PH adopt a closed conformation that occludes the binding 

site and hides the charged residues; in the globomycin bound state the active site is opened 

to allow for the binding of the antibiotic; and in the open state the b-cradle and PH are 

wider apart allowing for the entrance and binding of prelipoprotein substrate in the active 

site.  

 

3.6 Methods 

3.6.1 Expression, Purification, and Spin Labeling of LspA 

The Pseudomonas aeruginosa (strain PAO1) LspA gene was purchased in a 

pET28b vector with an N-terminal 6xHis tag and thrombin cleavage sequence (General 

Biosystems Inc.). Cysteine residues were introduced via PIPE Mutagenesis18 or 
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QuikChange19 (Agilent, Santa Clara, CA), and gene sequencing confirmed the correct 

mutations (Genewiz Inc.). The plasmids were transformed into C41(DE3) E. coli cells 

(Lucigen) and cultures were grown in Luria-Burtani (LB) media supplemented with 50 

mg/L kanamycin to and OD600 around 0.8. Expression was induced with 1 mM isopropyl-

β-thio-D-galactoside (IPTG) for around 18 hours at 25oC. Cells were harvested by 

centrifugation at 5,000g for 10 min at 4 oC and the pellets were frozen at -20 oC. 

Cells were resuspended in Buffer A (20 mM phosphate, pH 7.2, 150 mM NaCl) 

with one Complete Protease Inhibitor Cocktail tablet (Roche) and passed twice through a 

high-presser Nano DeBEE homogenizer (BEE International). Cell debris were removed 

via centrifugation at 18,000g for 30 min. The membrane fraction was subsequently 

separated by ultra-centrifugation at 150,000g for 1 hour at 4 oC. The membrane pellet was 

resuspended in 30 mL Buffer A and frozen at -80 oC. The membrane resuspension was 

thawed and 10 mL Buffer A containing fos choline-12 (FC12) was added such that the 

final concentration of FC12 was 1.8% (w/v) and was allowed to rock at 4 oC for at least 

one hour. Unsolubilized material was then removed by ultracentrifugation at 100,000g for 

45 min. Recombinant LspA protein was bound to a Ni2+ immobilized metal affinity 

chromatography column, washed with Buffer A containing 40 mM imidazole.  

For spin labeling, 10 mL Buffer A containing 40 mM imidazole and 0.7 mM 

MTSL/R1 spin label (S-(2, 2, 5, 5-tetramethyl-2,5- dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate, Toronto Research Chemicals Inc.) was added and the column was 

allowed to nutate at 4 oC overnight. The next day, the column was futher washed with 20 

mL Buffer A with 40 mM imidazole to remove free R1 and spin labeled protein was eluted 

in 10 mL Buffer A containing 300 mM imidazole. Imidazole was removed over a PD-10 
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column (GE Healthcare Biosciences) and the protein was concentrated to around 300 mM 

using a 10kDa molecular weight cutoff concentrator (Millipore). Protein purity was 

assessed by SDS-PAGE and the protein was confirmed as LspA with MALDI-TOF mass 

spectrometry. 

 

3.6.2 Continuous-Wave EPR 

CW EPR experiments on singly labeled LspA proteins in FC12 detergent micelles 

were performed on a CW X-Band EMX spectrometer (Bruker Biospin) at room 

temperature. The samples were loaded into 0.6 mm glass capillary tubes (VitroCom) with 

a sample volume around 7 µL. Spectra were processed with Bruker software (WinEPR), 

and analyzed with LabView programs (Base2 and ADJ) provided by Dr. Christian 

Altenbach and Dr. Wayne Hubbell (UCLA). 

For globomycin studies, globomycin (Sigma) was resuspended in DMSO at a 

concentration of 10 mg/mL. The appropriate amount was aliquoted into tubes and dried in 

a lyophilizer. The dried globomycin was resuspended with spin labeled LspA sample for 

EPR studies. This procedure was done because DMSO was shown to have a large impact 

on CW spectra (Figure S6). 

 

3.6.3 Pulsed EPR 

Double-labeled LspA proteins in FC12 detergent micelles were measured using 

pulsed EPR with a Q-band Bruker ELEXSYS E580 Spectrometer at Q-band and 80 K. All 

samples were prepared to a final protein concentration around 300 µM with 20% deuterated 

glycerol with a sample volume of 15 µL. The samples were loaded into quartz capillaries 
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with a 1.6 mm od x 1.1 mm id x 100 mm length (VitroCom) and flash frozen in liquid 

nitrogen. A four pulse DEER sequence was used with 16-step phase cycling (20 ns π/2 and 

two 40 ns π observed pulses, and a π pump pulse).20 The pump frequency was set at the 

maximum of the nitroxide spectrum and the observed frequency was set to 75 MHz lower. 

Increasing inter-pulse delays at 16 ns increments were used with a 16-step phase cycle 

during data collection. Accumulation times were typically between 18 and 24 hours, with 

a dipolar evolution time around 4 µs. Dipolar evolution data were processed using 

DEERAnalysis2018 software using Tikhonov regularization to generate the distance 

distributions.15,21 Simulated DEER distributions were generated using MMM.16 

 

3.6.4 Molecular Dynamics Simulations 

All MDS were performed using GROMACS v5.0.5.22 The Martini 2.2 force field23 

was used to run an initial 1 µs Coarse Grained (CG) MD simulation to permit the assembly 

and equilibration of a palmitoyloleolylphosphatidylglycerol (POPG) 

palmitoyloleoylphosphatidylethanolamine (POPE) (1:3 mole ratio) bilayer around P. 

aeruginosa LspA.24 The end-snapshot of the CG simulations was then converted to atomic 

detail with the crystal structure aligned with the CG protein within the assembled lipid 

bilayer.25 The systems were equilibrated for 1 ns with the protein restrained before 500 ns 

of unrestrained atomistic MD for apo and globomycin bound simulations.26 Three 500 ns 

simulations were performed for both apo and globomycin bound LspA. The parameters for 

globomycin were manually created, modifying the standard amino acid force field 

parameters to generate the correct stereochemistry and to complete the cyclic structure of 

the antibiotic. The dagylated cysteine parameters were created from lipid parameters for 
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diacylgylcerol and appended to the thiol side chain of cysteine. Systems were neutralized 

with 150 mM NaCl. In silico mutagenesis was performed and figures were prepared using 

PyMol (Schrödinger). VMD was used to analyze molecular dynamics trajectories.27 

 

3.6.5 Evolutionary Couplings 

Evolutionary contacts for P. aeruginosa LspA were generated using the GREMLIN 

server9 and were analyzed in PyMol (Schrödinger). 
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CHAPTER 4. LspA ACTIVITY ASSAY 

4.1 Introduction 

4.1.1 Project Motivation 

 As antibiotic resistance is a growing medical concern, it is imperative that drugs 

are developed to target novel pathways. Lipoprotein signal peptidase (LspA) has been 

identified as an antibiotic drug target, as it targets a novel pathway, is essential in some 

bacteria, and does not have a mammalian homolog (see Chapter 1). The crystal structure 

of LspA has been determined (Chapter 1),1,2 and the conformational dynamics of the 

protein has been studied (Chapter 3). However, in order to efficiently develop drugs to 

target novel proteins, it is essential to have a biological, quantitative, reproducible, and 

high-throughput activity assay to test the effectiveness of the developed drugs. An activity 

assay is currently lacking for LspA. Here, a LspA activity assay is sought that will be used 

to gain a deeper understanding of the protein’s mechanism, test requirements for LspA 

activity, and ultimately be used to test the efficiency of inhibitors in future antibiotic 

development.  

 

4.1.2 Previous Work 

4.1.2.1 Initial LspA Studies 

Early biochemical studies of LspA were completed in the 1980s using 

radioactively-labeled signal peptide.3–11 While studying a newly developed antibiotic, 

globomycin, two groups separately discovered that the signal peptide conjugated form of 

lipoprotein (later named prolipoprotein) accumulated in the cytoplasmic membrane. They 

thus determined that a signal peptidase (later named LspA) was blocked from carrying out 
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cleavage of the signal peptide.6,9,12 Radioactively-labeled signal peptide assays were also 

used to determine that lipid modification was necessary for LspA activity, and that 

cleavage occurred in the cytoplasmic membrane.4,5,10 The requirements of the residue 

before the cleavage site (directly before the lipid-modified cysteine) were also tested. 

While glycine is strongly conserved, serine is the upper size limit for the side chain at this 

position, as valine, leucine, and threonine substitutions were not processed.7 

Subsequent studies identified changes in cell growth, colony morphology, protein 

transcription, and lipoprotein biogenesis when LspA was mutated, knocked out, or 

inhibited. These studies were completed on gram-negative bacteria: Escherichia coli,5,9,13–

15 Enterobacter aerogenes,16 Myxococcus xanthus,17,18 Legionella pneumophila,19 

Rickettsia typhi,20 and Pseudomonas aeruginosa1; as well as gram-positive bacteria: 

Bacillus subtilis,15,21,22 Staphylococcus aureus,2,23 Staphylococcus carnosus,24 

Streptococcus suis,25 Streptococcus pneumonia,26 Streptomyces scabies,27 Streptomyces 

lividans,28 Streptomyces coelicolor,29,30 and Streptococcus pygenes.13 These studies 

showed that LspA is essential in most gram-negative bacteria including E. coli,8,11 S. 

coelicolor,30 and R. typhi.20 While LspA is not essential in gram-positive bacteria, loss of 

LspA function impairs production of secretory proteins, alters cellular metabolism 

impairing growth and development, reduces bacterial replication, and triggers stress 

responses.31,32 Interestingly, LspA of Mycobacterium tuberculosis is not essential for 

growth but is essential for virulence and infection.33 Mutations of LspA in S. aureus were 

also shown to reduce the bacteria’s ability to survive in human blood, demonstrating the 

importance of LspA in both gram-negative and gram-positive bacteria.2 
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4.1.2.2 Gel Based Assay 

More recently, a qualitative gel-based assay was used to measure the activity of 

LspA. The first published gel-based assay used a maltose-binding protein (MBP) 

lipoprotein fusion construct and was used to test E. coli LspA produced by cell-free 

expression.34  The MBP sequence was N-terminal to the lipoprotein signal peptide, and 

thus after cleavage the free MBP-signal peptide was visualized at 40 kDa and the mature 

lipoprotein was visualized at 10 kDa on a protein gel.34 However, the lipoprotein sequence, 

including the signal peptide sequence and lipobox sequence, were not specified, and the 

lipoprotein was not dagylated. As all other studies report that the lipoprotein must be 

dagylated for LspA cleavage,1,5,10 this raises concern about the validity of the assay. 

Additionally, the cleaved MBP was not visualized on an anti-His western blot, even though 

the construct had both N-terminal and C-terminal His-tags. Lastly, as it is still unknown 

how the lipoprotein partitions into the active site, having a tag as large as MBP on the 

cytoplasmic side of the signal peptide may be problematic. 

 Another gel-based assay was published which was used to study both 

Pseudomonas aeruginosa1 and Staphylococcus aureus2 LspA.1,2 This assay utilizes a P. 

aeruginosa lipoprotein, inhibitor of cysteine peptidase (ICP), as the substrate. P. 

aeruginosa Lgt is used in order to lipidate the signal peptide of ICP. LspA activity is 

assessed by the presence of the cleaved signal peptide on a protein gel (Figure 4.1).1 

 For this coupled assay ICP, Lgt, and LspA must first be individually recombinantly 

expressed and purified. Then, preproICP, Lgt, and the lipid substrate 

dioleoylphosphatidylglycerol (DOPG) are incubated for one hour at 37°C in order for ICP 

to be dagylated resulting in proICP. Finally, LspA is added to start the reaction and the 
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reaction mixture is incubated at 37°C. Various protein concentrations and incubation times 

may be used. Lastly, the reaction is stopped by the addition of sodium dodecyl sulfate 

(SDS) buffer and the reactions are analyzed by polyacrylamide gel electrophoresis (SDS-

PAGE). LspA activity is assessed by the presence of the cleaved signal peptide (3.3 kDa) 

and by a gel shift in the molecular weight of ICP as it is converted from preICP (15.9 kDa) 

to mature ICP (12.6 kDa) (Figure 1). The gel-based assay was used to test LspA mutants, 

including to identify the catalytic dyad residues of D124 and D143 for P. aeruginosa and 

D118 and D136 for S. aureus, as asparagine mutations were not active. The assay was also 

used to identify other important or essential residues for each construct.1,2  

One problem with this assay is that the cleaved signal peptide is small, and thus it 

can be challenging to image the peptide on a gel effectively. The authors addressed this 

problem by using InstantBlueTM gel stain which minimizes stain time and does not require 

destain, lowering the chance of peptide diffusion out of the gel. The gel shift from proICP 

to ICP is quite small as well. From the first paper the group published to the second they 

added a thrombin cleavage sequence (SSGLVPRGSH) N-terminal to the signal peptide 

sequence, increasing the molecular weight from 3.3 to 4.2 kDa.1,2 Furthermore, proICP, 

ICP, and LspA are all similar molecular weights making analysis difficult.1 

Additionally, the gel-based assay raises some other questions. First, the assay is 

complex using three separate recombinant membrane proteins. Each of these proteins is 

purified in a different buffer and is solubilized in a different detergent as protein 

purifications were individually optimized. ICP uses a HEPES buffer at pH 7.1 and lauryl 

maltose neopentyl glycol (LMNG) detergent, Lgt uses a tris buffer at pH 7.5 with LMNG 

detergent, P. aeruginosa LspA uses MES buffer at pH 6.2 with n-dodecylphophocoline 
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(FC12) detergent, and S. aureus LspA uses MES buffer at pH 6.2 with n-dodecyl-𝛽-D-

maltoside (DDM) detergent. Thus, when the proteins are mixed during the assay the 

detergents and buffers also mix, changing the pH and forming FC12/LMNG or 

DDM/LMNG mixed micelles with unknown effects. The changing conditions could have 

negative effects on the protein’s solubility, activity, or rates of reaction. Additionally, as 

all of the components of the assay are membrane proteins, it is unknown how the micelles 

combine to allow for preproICP/Lgt or proICP/LspA binding and release of products, 

further complicating the ability to determine reaction rates.2 

 Second, as preproICP must first be processed by Lgt to proICP it is impossible to 

accurately know the concentration of proICP at the start of the LspA reaction. Additionally, 

as the Lgt reaction is not stopped before the addition of LspA, Lgt may continue processing 

preproICP to proICP as the LspA reaction is occurring, making accurate measurement of 

proICP concentration impossible.2 

 Third, ICP is a lipoprotein from P. aeruginosa and may not be an optimal substrate 

for all LspA orthologs. P. aeruginosa LspA was shown to have three times the activity of 

S. aureus LspA.2 While lipoproteins have a conserved signal and lipobox sequence across 

bacterial species, this lipoprotein may not be an optimal substrate for both LspA proteins 

and could have contributed to the differences in reaction rates.2 However, lipoproteins may 

simply be processed at different rates due to variability in the signal sequence and lipobox, 

even within the same species. As only one lipoprotein was tested with the gel-based assay, 

additional P. aeruginosa lipoproteins would need to be tested with P. aeruginosa LspA in 

order to test this hypothesis. 
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Fourth, while the authors of this study wrote that they could not determine kinetic 

parameters from this assay, they did publish them in the supplement.2 The kinetic 

parameters were derived from quantification of the gel bands using Image Lab, and these 

values allowed them to conclude that comparatively, P. aeruginosa LspA is faster (larger 

V) and more efficient (larger kcat) than S. aureus LspA (Table 4.1). Using the quantitated 

gel bands, they also determined IC50 values for globomycin and myxovirescin inhibition 

(Table 4.2). As this is not truly a quantitative assay, and there are issues with assessing the 

gel bands as described above, we believe kinetics parameters cannot be determined from 

it, and a more quantitative assay needs to be developed. The gel-based assay is purely 

qualitative and can give a ‘yes or no’ answer to whether LspA is active. Thus, it can serve 

some utility when testing mutants or different conditions, taking into consideration the 

drawbacks described above, but should not be used to determine kinetic parameters. 

 Compared to the FRET assay described in the next section (4.1.2.3), this gel-based 

assay is advantageous in that it uses a native lipoprotein and is thus more comparable to 

physiological conditions.  However, in order for an assay to be used in drug development, 

it must be simple, quantitative, and high throughput. This assay is none of the above, and 

thus a more simple, quantitative, and high-throughput assay is required.  
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Figure 4.1. Schematic of gel-based LspA assay. After assay incubation, the reaction 

mixture is run on an SDS-PAGE gel and ICP, Lgt, LspA, and signal peptide bands are 

visualized. LspA cleavage of ICP is seen by the presence of the signal peptide at ~4 kDa 

and a reduction in the molecular weight of ICP (lane 8). Globomycin inhibits cleavage 

(lane 9). Lgt dagylation is required for LspA activity (lane 6). Gray lines between wells are 

shown for clarity. Molecular weight marker shown in lane 1. 
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4.1.2.3 Förster Resonance Energy Transfer Assay 

A more quantitative Förster resonance energy transfer (FRET) assay for LspA was 

developed by the Wolan laboratory. This assay utilizes a peptide substrate containing an 

N-terminal dabsyl quencher and a C-terminal EDANS fluorophore (Figure 4.2).13,14 The 

peptide sequence between the fluorophores is VTGCAK with a dagylated cysteine, 

mimicking the lipoprotein lipobox which contains the conserved residue sequence 

[LVI][ASTVI][GAS][C].14,35 Before cleavage there is no fluorescence as the dabsyl 

quenches the fluorescence from the fluorophore. LspA activity is observed by an increase 

in fluorescence as the peptide is cleaved and the dabsyl quencher diffuses away from the 

EDANS fluorophore (Figure 4.2). This assay was used to study LspA from Escherichia 

coli and Streptococcus pyogenes.13,14 The FRET assay concept was repeated with an 

aminobenzoic acid fluorophore, nitro-tyrosine quencher, and LALAGCSS linker sequence 

with dagylated cysteine to study LspA from Pseudomonas aeruginosa and Staphylococcus 

aureus.2 

This FRET-based LspA assay was used to determine activity for E. coli, P. 

aeruginosa, and S. aureus LspA (Table 4.1). By measuring the fluorescence at various 

concentrations of FRET substrate, kinetic parameters were determined. Km values are 

similar for E. coli and P. aeruginosa LspA, while the kcat of P. aeruginosa LspA was about 

three fold higher than E. coli LspA (Table 4.1).2,14 S. aureus LspA appears to be much 

slower and have a larger Km than the other two orthologs (Table 4.1).2  

IC50 values, or the concentration of inhibitor that results in half-maximal enzyme 

activity, were also determined for globomycin and myxovirescin inhibition of E. coli, P. 

aeruginosa, and S. aureus LspA using the FRET assay (Table 4.2).  IC50 values were 
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similar for globomycin and myxovirescin for each LspA ortholog. By analyzing the ratio 

of IC50 to enzyme concentration, these results suggest that the inhibitors are less potent for 

E. coli LspA (1.2 for globomycin, 1.2 for myxovirescin), than P. aeruginosa LspA (0.57, 

0.53) or S. aureus LspA (0.55, 0.50) (Table 4.2). An inhibitor library was also tested against 

E. coli LspA using the FRET assay. Out of this library the inhibitor with the most potency 

had an IC50 value of 99 nM, which is almost 10 fold less than globomycin (1.2 nM).14 

 While the FRET-based LspA assay is quantitative and high-throughput (can be 

performed in 1,536 well plates14), it also has some drawbacks. Two different FRET probes 

were used, one for E. coli LspA and the other for P. aeruginosa and S. aureus LspA. These 

FRET probes have different lipobox sequences which may not be processed by LspA in 

the same manner. Similar to the gel-based assay, the conditions for the experiment were 

optimized for each LspA ortholog separately. Thus, different enzyme and substrate 

concentrations were used for each experiment (see footnotes for Tables 4.1 and 4.2) and 

different buffers and solubilizing detergents were used for each ortholog. Km and kcat do 

not vary with enzyme concentration, but the differing buffers and detergents could play an 

unidentified role in the enzyme reaction rate by changing protein solubility, dynamics, 

and/or substrate partitioning. IC50 values do change with enzyme concentration, as they 

measure the inhibitor concentration required for 50% inhibition at that specified enzyme 

concentration. As different enzyme concentrations were used in these experiments, care 

should be taken when comparing the IC50 results.  

 The major drawback of the FRET LspA assay is that it does not correctly mimic 

the lipoprotein substrate. While residues of the lipobox are present, this substrate does not 

contain a complete signal peptide. Signal peptides are highly conserved across lipoproteins 
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(see Chapter 1), and prolipoprotein recognition by LspA is believed to occur due to the 

trigonal orientation of the signal peptide, DAG, and lipoprotein.1 Therefore, the FRET 

substrate may not be recognized by LspA in the same manner as lipoproteins, or oriented 

properly in the active site. The FRET substrate will also partition in and out of the active 

site differently than physiological lipoproteins. Thus, FRET substrates may not give 

accurate kinetic results and may give false hits when screening for inhibitors.2 

 Lastly, different activity measurements and IC50 values were obtained from the 

FRET and gel-based assays (Table 4.1 and 4.2).2,14 While activity measurements of kcat and 

V were similar for P. aeruginosa LspA, the observed specific activity of S. aureus LspA 

was 20-fold lower by the FRET assay than the gel-based assay. Additionally, IC50 values 

recorded by the two assays differed by three orders of magnitude.2 Even taking into 

consideration the differing enzyme concentrations used in the two assays, this is a large 

difference. These discrepancies highlight the concerns of quantitating the gel-based assay, 

having a non-physiological substrate for the FRET assay, and having varying, 

uncharacterized reaction conditions for each enzyme studied. Due to these concerns we 

aimed to developed an assay that was both biological and quantitative. 
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Figure 4.2. Schematic of FRET-based assay. The FRET substrate construct contains a 

quencher (blue) and fluorophore (red) connected by lipobox residues including the 

essential dagylated cysteine. Upon cleavage by LspA, the quencher separates from the 

fluorophore and fluorescence is observed (right). Figure adapted from Kitamura et al. 

(2018), with permission.14 
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aLspA and FRET substrate concentration for E. coli were 1 nM and 50 𝜇M, for P. 

aeruginosa was 100 nM and 30 𝜇M, and for S. aureus was 300 nM and 80 𝜇M.2,14 bLspA 

concentrations for gel-shift assay were 500 nM and preproICP substrate were 12 𝜇M.2 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1: LspA activity values determined from assays

FRET Assaya Gel-Based Assayb

Organism Km
(!M)

kcat
(10-3 s-1)

V 
(nmol/mg*min)

kcat
(10-3 s-1)

V 
(nmol/mg*min)

E.coli 14.2±4.6 10±0.1 - - -
P. aeruginosa 10 30.86 87.52 31.96 90.6

S. aureus 47 0.50 1.62 9.55 31.2
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aLspA and FRET substrate concentration for E. coli were 1 nM and 50 𝜇M, for P. 

aeruginosa were 100 nM and 30 𝜇M, and for S. aureus were 300 nM and 80 𝜇M.2,14 bLspA 

concentrations for gel-shift assay were 500 nM and preproICP substrate were 12 𝜇M.2 

cRatio of IC50 to LspA enzyme concentration used in the assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2: IC50 values determined from assays

FRET Assaya Gel-Based Assayb

Organism Globomycin Myxovirescin Globomycin Myxovirescin

nM Ratioc nM Ratioc nM Ratioc nM Ratioc

E.coli 1.2 1.2 1.2 1.2 - - - -
P. aeruginosa 57 0.57 53 0.53 640 1.28 1090 2.18

S. aureus 167 0.55 151 0.50 170700 341 160 0.32
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4.2 Attempts to Optimize Activity Assay 

4.2.1 Repeating Published Assays 

 While a quantitative biological assay is sought, the first step of this project was to 

repeat the published assays to compare my preparations of P. aeruginosa LspA to 

published results. However, I could never successfully repeat either the published gel-

based or FRET assay. 

 

4.2.1.1 Gel and Western Assay 

 I have successfully expressed and purified ICP, Lgt, and LspA from P. aeruginosa. 

The yields for each of these proteins are very low: generally ~0.75 mg/L for wild-type 

LspA, and ~0.2 mg/L for ICP and Lgt. Interestingly, adding an N-terminal tag to ICP such 

as TST-ICP (described in section 4.2.2.3) or FP-ICP (described in section 4.2.2.1) 

increased yields up to 1.3 mg/L. Mutations of LspA for EPR spin labeling or mutant studies 

(Chapter 3) had varying effects on yields with A63C increasing yields up to 1.8 mg/L and 

A63C/D124N/D143N almost abolishing expression. LspA preparations are pure as 

assessed by SDS-PAGE gels (Figure 4.3), however, the purifications of Lgt and ICP are 

generally less pure as other contaminant bands could be seen. Size exclusion 

chromatography was not performed as the yields were already low and the loss of protein 

would be too great. To decrease the variability and unknowns of detergent mixing and pH 

changes in the reaction mixture, all proteins were purified in FC12 detergent and in 

phosphate buffer at pH 7.2.  

 The LspA gel-based assay was completed by first incubating ICP, Lgt, and DOPG 

at 37°C for one hour. LspA was then added to the reaction mixture and the reaction was 
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further incubated for one hour at 37°C. The reaction was stopped by the addition of an 

equal volume of SDS loading buffer and the reactions were run on an SDS-PAGE gel. 

However, cleaved signal peptide was never observed on the gel (Figure 4.3).  

Several gel types were used including 4-20% and 8-16% Tris-Glycine gels, and 

16.5% Tris-Tricine gels. 8-16% Tris-Glycine and Tris-Tricine gels are better for 

visualizing small molecular weight bands such as the signal peptide. InstantBlueTM gel 

stain was used to minimize stain time and does not require destain, preventing the diffusion 

of peptide out of the gel.1 Even with these precautions cleaved signal peptide was never 

observed. 

Anti-His western blots were also completed. The anti-His antibody showed bands 

for all three proteins (Figure 4.4), as all have an N-terminal 6x His-tag. LspA showed the 

darkest band, suggesting that the antibody has a stronger affinity for this construct over the 

others. As the ICP His-tag is N-terminal (Figure 4.5A), after cleavage the His-tag would 

remain conjugated to the signal peptide and a band would show around 4 kDa while the 

proICP band would disappear. Thus, if the signal peptide was diffusing out of the gel and 

the difference in molecular weight between proICP and ICP was too small to resolve, the 

western blot would show the disappearance of the ICP band and indicate cleavage.  

However, again, signal peptide cleavage was not observed as the ICP band remained 

constant (Figure 4.4).  

A new ICP construct was developed (hereafter called FP-ICP, Figure 4.5B), which 

allowed for fluorescent labeling of the signal peptide. This construct was mainly developed 

for a fluorescence polarization assay described in section 4.2.2.1; however, it was also used 

with the gel-based assay as visualization of signal peptide cleavage proved elusive with the 
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above described methods. FP-ICP contains a 6x His-tag, followed by a tetracysteine tag, 

followed by a thrombin sequence, and finally the ICP lipoprotein (Figure 4.5B). Fluorescin 

arsenical hairpin binder ethanedithiol (FlAsH-EDT2) specifically binds to the tetracysteine 

tag (CCPGCC) and serves as the fluorescent probe.36 The gel based assay was completed 

as described above using labeled FP-ICP as the substrate, and the gel was imaged with a 

florescence imager. Similar to analysis of the western blots, as the fluorescent probe is N-

terminal to the lipoprotein, signal peptide cleavage could be assessed by the presence of 

the cleaved signal peptide and/or a disappearance of the FP-ICP band. As there is the 

addition of the tetracysteine tag and the thrombin sequence, the cleaved signal peptide 

molecular weight was increased to 4.7 kDa. However, neither the cleaved signal peptide, 

nor a decrease in molecular weight of FP-ICP, nor a decrease in fluorescence of the FP-

ICP band were seen, and thus activity again was not confirmed. Unexpectedly, the 

fluorescence of the probe seemed to depend on dagylation of the protein. FP-ICP alone, or 

FP-ICP with only LspA showed less fluorescence intensity than when Lgt and DOPG were 

added to dagylate the substrate (Figure 4.6). Perhaps this is due to differing orientations of 

the signal peptide in the micelle with and without dagylation. However, as fluorescence 

changed throughout the reaction time, we did not feel that the assay could be reliably 

quantitated, even if activity was observed. 

In order to have better control of the concentration of ICP substrate added to the 

reaction, another construct was made with a C-terminal Strep-tag® II tag (hereafter STT-

ICP, Figure 4.5C). Strep-tag® II is a short 8 amino acid purification tag with the sequence 

WSHPQFEK. Strep-tag® II binds strongly to Strep-Tactin® resin. Strep-Tactin® is a 

derivative of streptavidin and Strep-tag® II binds in the biotin binding pocket. However, 
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the binding affinity of Strep-tag® II to Strep-Tactin® is 100 times greater than to 

streptavidin. This strong binding allows for a one-step purification with low wash volumes, 

and yields highly purified protein with a desthiobiotin elution step.37 STT-ICP was 

expressed and purified and has much better yields and purity than the original ICP 

construct. The STT-ICP protein will be used so that ICP and Lgt can be separated after the 

dagylation reaction (previously both were purified by His tags). Purification of dagylated 

ICP would allow for a known concentration of substrate to be added to the LspA assay. 

Quantifying the purified, dagylated ICP does assume, however, that Lgt is dagylating all 

of the STT-ICP that is put into the reaction mixture.  

 As the gel-based assay is a coupled assay, a lack of signal peptide cleavage could 

mean that one (or both) of the two reactions are not occurring. Either Lgt is not properly 

adding DAG to the preprolipoprotein, or LspA is not cleaving the substrate (or both). Lgt 

activity can be visualized by a gel shift upon dagylation of preprolipoprotein.38 However, 

a gel shift of Lgt was not observed in the published gel based assay,1,2 nor was it observed 

in my assay attempts. Therefore, it is possible that the Lgt dagylation reaction is not 

occurring, which is not allowing the lipoprotein to be recognized by LspA. DOPG, the 

substrate used in the published LspA gel-based assay,1,2 and DPPG, the substrate seen to 

have most activity in the Lgt assay,38 were both tried with no success (Figure 4.3).  

 It is concerning that activity was never observed with the gel-based assay. 

However, as the gel-based assay has many limitations and complications as described 

(section 4.1.2.2), I continued on to try the FRET assay. The FRET assay was also beneficial 

as it can be quantified. 
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Figure 4.3. Gel-based LspA assay. LspA activity assay was completed, reactions run on 

an 8-16% Tris-Glycine gel, and stained with InstantBlueTM stain. Both DOPG and DPPG 

lipid substrates were used. Cleaved signal peptide was not observed as expected in 

complete reaction mixtures (lanes 8 and 9). Molecular weight marker shown in lane 1. ICP 

construct is STT-ICP. 
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Figure 4.4. Gel-based LspA assay western blot. LspA activity assay was completed, 

reactions run on a 4-20% Tris-Glycine gel, transferred to a nitrocellulose membrane, and 

blotted with an anti-His tag antibody. ICP, Lgt, and LspA all have 6x His-tags. The cleaved 

signal peptide would carry the His-tag, however cleavage was not observed in complete 

reaction (lane 7). Molecular weight marker shown in lane 1. 
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Figure 4.5. Schematic of ICP constructs. A) Original ICP construct containing N-

terminal 6x-His tag. B) FP-ICP construct containing 6x-His tag, tetracysteine tag, and 

thrombin sequence. FlAsH fluorophore attaches to the tetracysteine tag. C) STT-ICP 

construct containing C-terminal Strep-Tag® II.  
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Figure 4.6. Fluorescent gel-based assay with FP-ICP construct. Only FP-ICP bands are 

shown. Unexpectedly, fluorescence increases when Lgt dagylates the substrate (lanes 2 and 

4). 
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4.2.1.2 Förster Resonance Energy Transfer Assay 

 Förster resonance energy transfer (FRET) substrate with an N-terminal dabsyl 

quencher and a C-terminal EDANS fluorophore linked by the lipobox sequence VTGCAK 

with a dagylated cysteine13,14 (Figure 4.2) was generously provided by Dr. Dennis Wolan.  

 The published FRET assay used n-dodecyl b-D-maltoside (DDM) detergent for 

protein solubilization and thus DDM was contained in the reaction buffer. Since LspA, 

ICP, and Lgt were solubilized in dodecylphophocoline (FC12) detergent, the first step was 

determining if the detergent itself had any effect on the FRET probe excitation and 

emission spectra. Excitation wavelengths ranged from 300 to 400 nm, and emission 

wavelengths ranged from 400 to 600 nm in 1 nm increments. Excitation and emission 

spectra were taken of the FRET probe in buffer containing DDM or FC12 before adding 

LspA, and after incubating with LspA (solubilized in DDM or FC12, respectively) for one 

hour (Figure 4.7). FRET probe in FC12 buffer showed excitation maxima at 350 nm and 

emission maxima at 485 nm, while FRET probe in DDM buffer showed excitation maxima 

at 355 nm and emission maxima at 468 nm. These values are similar to the reported 

emission maxima of 355 nm, but lower than the reported excitation maxima of 516 nm for 

this construct.13 Interestingly, LspA incubation with the FRET probe increased 

fluorescence intensity in DDM buffer as published, although to a lesser extent, while the 

intensity in FC12 buffer slightly decreased with LspA incubation (Figure 4.7).  

 Next, the fluorescence intensity of the FRET probe was measured over time at the 

maximal excitation and emission wavelengths after addition of LspA. As described in 

section 4.1.2.3, LspA activity would be observed as an increase in fluorescence as the 

FRET probe is cleaved and the quencher diffuses away from the fluorophore (Figure 4.2). 
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As an average of two measurements, the fluorescence intensity of the DDM reaction set 

increased over time while the fluorescence intensity of the FC12 reactions increased for 

about five minutes and then decreased over time (Figure 4.8A). These effects, however 

were negligible as seen when the blank control is subtracted (Figure 4.8B). DDM LspA 

showed increasing fluorescence intensity at the 5 min timepoint (Figure 4.9A). However, 

fitting the first 20 min did not give a linear increase in velocity as excepted (Figure 4.9B).  

 As a quantitative, biological, universal LspA assay is desired, the FRET assay does 

not check all of the boxes, as described in section 4.2.1.2. Most importantly, the FRET 

assay is not biological as it does not contain the lipoprotein signal peptide. While in theory 

the FRET assay is quantitative and has the potential to be high throughput, it could not be 

repeated in my hands even in the same buffer conditions. Having different fluorescent 

intensities in different detergents is also an issue, as this does not make the assay universal 

for the study of different LspA orthologs that may be purified in different detergents. 

Differing fluorescence intensities also raises questions about how the FRET probe behaves 

in different detergent environments. The probe must partition into the micelle that LspA is 

in to be cleaved. Thus, if the probe behaves differently in different detergents, the 

assessment of LspA activity will be impacted. These concerns not only make the FRET 

assay undesirable, but it shows that the kinetic parameters derived from it are not solely 

due to the cleavage of the probe by LspA, and that the partitioning rate into and out of the 

LspA active site and micelle must also be considered. Of note, the Wolan group who 

developed this assay also saw no activity as measured by the FRET assay when they used 

FC12 detergents, either with the E. coli LspA that they expressed and purified (as was used 

in their publications13,14) or with P. aeruginosa LspA that I sent to them (personal 
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communication with Dr. Dennis Wolan and Dr. Seiya Kitamura). As this raised major 

concerns, we set out to develop our own LspA assay that would be biological, quantitative, 

reproducible, and universal. 
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Figure 4.7. Emission and excitation spectra of FRET probe. Excitation wavelengths 

(right) ranged from 300 to 400 nm, and emission wavelengths (left) ranged from 400 to 

600 nm in 1 nm increments. Measurements were taken in FC12 buffer (top) and DDM 

buffer (bottom), and were recorded prior to LspA addition (solid line), and after incubation 

with LspA for one hour (dotted line). 
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Figure 4.8. FRET assay in FC12 and DDM. FRET fluorescence intensity was measured 

every 30 seconds for one hour after LspA addition. LspA concentrations were 0 (black), 

0.1 𝜇M (red), 0.4 𝜇M (yellow), 0.8 𝜇M (green), 2 𝜇M (blue), and 5 𝜇M (purple) and 

reactions were carried out for FC12 (left) and DDM (right) solubilized protein.  An average 

of two measurements is shown for raw data (A) and blank control subtracted (B).  
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Figure 4.9. Analyzing DDM FRET assay. A) Fluorescence intensity increases at the 5 

min time point with increasing LspA concentration in DDM. B) Velocity as determined by 

fitting first 20 min of control subtracted spectra do not show a linear increasing trend with 

LspA concentration.  
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4.2.2 Developing a New LspA Assay 

 As the gel-based assay and FRET assay are not biological, quantitative, or 

reproducible, we sought to develop a novel LspA assay that would satisfy those criteria. 

 

4.2.2.1 Fluorescence Polarization Assay 

Development of a fluorescence polarization (FP) assay was attempted to 

quantitatively assess LspA cleavage of a lipoprotein signal peptide as has been done for 

other proteases.39–41 An FP-ICP construct was developed in which a tetracysteine motif 

(CCPGCC) was added  to the N-terminus of the lipoprotein ICP (Figure 4.5B). This motif 

binds the small fluorogenic biarsenical FlAsH-EDT2 with high affinity, thus creating a 

fluorescent probe at the cytoplasmic side of the signal peptide (Figure 4.10).36,42–44 FlAsH-

EDT2 is added in equimolar ratio to FP-ICP and nutated overnight at room temperature. 

The next day, Lgt and DOPG are added for one hour at 37°C so that the essential DAG is 

added to the cysteine of the FP-ICP lipobox. The reaction is started by adding LspA and is 

incubated at 37°C for one hour (Figure 4.11). FP is monitored at each step of the reaction.  

Upon signal peptide cleavage by LspA it is expected that the anisotropy of the probe 

will decrease due to a decrease in the molecular weight and thus an increase in the rate of 

rotation of the probe.40–42 The presence of the inhibitor globomycin will ablate cleavage 

such that the anisotropy of the probe will not change. The FP assay developed here is 

expected to better assess LspA activity than the FRET-based assay because the FP-ICP 

substrate is more biological than the synthetically made peptide FRET probe. In particular, 

the FP probe contains the signal peptide of the lipoprotein. As signal peptides are highly 

conserved, it is likely that they are important for LspA recognition.7,8,35 It is important for 
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the assay to be biologically relevant as it will be used to probe the effectiveness of antibiotic 

drug candidates.  

Characterization of the preproICP bound FlAsH probe emission and excitation 

spectra shows a maximum excitation at 288 nm and a maximum emission at 348 nm 

(Figure 4.12). The fluorescence intensity increases when Lgt and DOPG are added to 

produce proICP, and again when LspA is added to produce mature ICP (Figure 4.13A), but 

the maximal excitation and emission wavelengths do not change (Figure 4.12). An increase 

in the FlAsH fluorescence between labeled preproICP and proICP was also observed when 

this construct was used with the gel-based assay (Figure 4.6). The changes in fluorescence 

intensity are a problem because in order to directly compare reaction anisotropies, as in 

this assay, it is assumed that the fluorescence intensity does not change throughout the 

reaction. 

It was expected that the anisotropy of the FlAsH probe would not change upon 

conversion of preproICP to proICP by dagylation, but would decrease upon signal peptide 

cleavage by LspA. Contrarily, anisotropy decreased when Lgt and DOPG were added, and 

again when LspA was added (Figure 4.13B). These unexpected results may be due to the 

varying fluorescence intensity throughout the reaction. Additionally, the anisotropy and 

fluorescence values varied greatly between reaction trails (data not shown), and thus a 

different assay approach was pursued. 
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Figure 4.10 FlAsH-EDT2 coordination. FlAsH (middle) binds with high affinity to the 

tetracysteine motif CCPGCC (left) to create a fluorescent probe on the protein of interest 

(right). Figure adapted from Fernandes et al. (2017), with permission.36 
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Figure 4.11. Schematic of FP assay. FlAsH (yellow) coordinates to the tetracysteine motif 

on the N-terminus of FP-ICP (gray). In the first step, Lgt dagylates preproICP to proICP. 

In the second step LspA cleaves the signal peptide. Activity is assessed by a decrease in 

fluorescence polarization (FP) of the FlAsH fluorophore. 
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Figure 4.12. Emission and excitation spectra of FP probe. Excitation wavelengths 

(right) ranged from 200 to 320 nm, and emission wavelengths (left) ranged from 300 to 

450 nm in 1 nm increments. Spectra were taken at each step of the reaction: FlAsH labeled 

preproICP (blue), dagylated proICP (red), and after LspA incubation (black).  
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Figure 4.13. FP assay results. A) Fluorescence intensity was seen to increase throughout 

the reaction, while B) anisotropy was seen to decrease.  
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4.2.2.2 Förster Resonance Energy Transfer Assay with Signal Peptide 

 Concurrent to the development of the fluorescence polarization assay described 

above, I also worked to develop a Förster resonance energy transfer (FRET) assay. 

Contrary to the published FRET assay described in section 4.1.2.3 and 4.2.1.2, this FRET 

assay would be more biological as it would contain the signal peptide. The substrate 

consists of the ICP signal peptide with fluorophores on both termini (Figure 4.14A). In the 

first step, Lgt would be used to dagylate the preprolipoprotein to proICP. Upon LspA 

cleavage, the fluorophores would diffuse away from one another and the measured FRET 

would decrease (Figure 4.14B).  

Fluorophores mRuby2 and Clover were chosen due to their high degree of donor 

emission and acceptor absorbance overlap, leading to a high Förster radius (r0) of 6.3 nm.45 

The r0 is the distance between fluorophores at which energy transfer is 50% efficient. It 

was important to choose a fluorophore pair with a long r0 as they reside on opposite sides 

of the ICP signal peptide which is around 4 nm, and span the micelle. The effect, if any, of 

the micelle detergents on the fluorophores is unknown. Thus, Clover and mRuby2 were 

also chosen because they are relatively bright and photostable compared to other 

commonly used fluorophores.45 

The ICP-FRET construct and the Clover construct were doubly digested with 

EcoRI and Bam HI. ICP-FRET and mRuby2 were doubly digested with HincII and HindIII. 

The digested DNA was purified using a DNA cleanup kit (New England Biolabs). 

Subsequently, the 5’ end of the vector (ICP-FRET) was dephosphorylated, and the insert 

(Clover or mRuby2) phosphorylated. Unfortunately, ligation via an instant sticky-end 

ligase or quick ligation (New England Biolabs) was never successful.  
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4.14. Schematic of new FRET assay. A) Planned FRET construct with Clover (green) 

and mRuby2 (red) fluorophores. B) Fluorophore conjugated ICP construct (Clover, green; 

mRuby2, red; ICP signal peptide, gray) is dagylated by Lgt. LspA cleavage activity is 

assessed by a decrease in FRET. 
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4.2.2.3 Electron Paramagnetic Resonance Assay 

 As fluorescent probes, in either FP or FRET forms, did not yield good results for a 

LspA activity assay, an electron paramagnetic resonance (EPR) assay was pursued. This 

assay would involve spin labeling the ICP construct on either end of the signal peptide and 

dagylating with Lgt. LspA activity would be observed by a decrease in double electron 

electron resonance (DEER) signal after incubation with LspA. As described in Chapters 2 

and 3, DEER allows for the determination of a distance distribution between two spin 

labels. Prior to completing the assay, DEER analysis will show the distance between the 

spin labeled sites. As the signal peptide is around 4 nm, this falls well within the distance 

range probed by DEER (generally 1.8 nm to around 6 nm depending on quality of data, see 

Chapter 2). When the ICP construct is cleaved, the spin labels will diffuse away from one 

another and a DEER signal will not be observed (Figure 4.15). 

 This assay is biological as it contains the dagylated signal peptide. It is also semi-

quantitative as the amount of DEER signal can be determined and would correlate with the 

percentage of ICP that has not been cleaved. As the DEER samples are flash frozen, time 

points can be taken during the reaction. A major complication, however, is that spin labels 

are normally conjugated to cysteine residues in the protein. For this protocol, any native 

cysteine residues must first be removed. As a cysteine residue is the essential amino acid 

in the lipoprotein lipobox which gets dagylated, all native cysteine residues cannot be 

removed. Therefore, incorporation of unnatural amino acids (UAA) and subsequent spin 

labeling will be used.46 

 During protein translation, transfer RNAs (tRNAs) transport amino acids to the 

ribosome. The anticodon of the tRNA matches with the complementary codon of the 
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mRNA and allows for the correct amino acid to be added to the growing peptide. For this 

to occur, the tRNA must be “charged” or bound to its correct amino acid. Aminoacyl-tRNA 

synthetase (aaRS) catalyzes the binding between a specific tRNA and the correct amino 

acid.47 UAAs can be recombinantly incorporated into E. coli expressed proteins by 

introducing an orthogonal tRNA and aaRS pair that delivers the desired unnatural amino 

acid in response to a codon which does not encode any of the 20 natural amino acids.48  

As the tRNA must not recognize any codons which code for the 20 natural amino 

acids, a stop codon is used to code for the UAA. The amber stop codon (TAG) is most 

commonly used for UAA incorporation as it is the least frequent stop codon in E. coli (~9% 

of genes, none of which are essential), and therefore should not affect bacterial growth. It 

is thus essential that the protein of interest not use this stop codon. The aaRS must also not 

aminoacylate any endogenous E. coli tRNAs. Therefore, a tRNA/aaRS pair is generally 

used from a different organism.49 Furthermore, studies have shown that inducible control 

of the aaRS allows for an increased yield of recombinant proteins containing the UAA.50 

Hence, to express proteins with UAA, two plasmids must be co-expressed. The first 

encodes the protein of interest with TAG codon(s) at the desired site(s), and the second 

encodes for the orthogonal tRNA/aaRS pair. Both plasmids are under inducible expression 

and are selected for by different antibiotics (Figure 4.16).46  In this way more than 40 UAAs 

have been genetically incorporated into recombinant proteins.51 

For this EPR based assay, the incorporation of the UAA p-acetylphenylalanine 

(pAcF) is desired. pAcF contains a keto functional group that can be reacted with a 

hydroxylamine reagent to generate a nitroxide spin label termed K1.51 The pEVOL plasmid 

will be used which has been developed to contain the tRNA/aaRS pair for pAcF 
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incorporation (Figure 4.16).50 TAG mutations have been made at specific sites on either 

side of the ICP signal peptide. Importantly, the TST-ICP construct was used in this case 

because it contains a C-terminal purification tag. C-terminal purification is important to 

ensure that the full protein has been synthesized and that it is not truncated at the TAG 

site(s).46 The constructs for this assay have been made, however the assay is still in 

development.  
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Figure 4.15. Schematic of DEER assay. Spin labels (orange) will be placed on either 

side of the ICP signal peptide (yellow). After LspA cleavage the cleaved substrate will 

diffuse away from the signal peptide and a loss of DEER signal will be observed. 
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Figure 4.16. Unnatural amino acid incorporation. To incorporate the unnatural amino 

acid pAcF, a pET28b plasmid containing ICP and the pEVOL plasmid containing the 

tRNA/aaRS pair are coexpressed in E. coli, selected for by kanamyacin (Kan) and 

chloramphenicol (CAM) antibiotics, and induced with IPTG and L-arabinose. Adapted 

from Evans and Millhauser (2015), with permission.46 
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4.3 Conclusions 

 LspA is a promising antibiotic drug target. In order for therapeutics to be developed 

to target LspA, an activity assay must be developed to test the effectiveness of the 

compounds. This assay must be biological, quantitative, reproducible, and high throughput. 

So far, a gel-based assay and a FRET assay have been published for LspA. The gel-based 

assay is biological, but it is not quantitative. While the FRET assay is potentially 

quantitative and high-throughput, it is not biological. Unfortunately, neither published 

assay was able to be reproduced, raising concerns about this system as a whole. 

Here, new FP, FRET, and EPR based assays were introduced. The FP assay is not 

promising as the fluorescence intensity is seen to change throughout the reaction. Both the 

FRET and EPR assays are still in the development stages. Both are biological and 

quantitative, but they are not particularly high throughput. Both the FRET and EPR assays 

are complex, requiring three recombinantly expressed proteins, and efficient dagylation of 

LspA by Lgt, before the LspA reaction can be assessed. The EPR assay is even more 

challenging due to the need for unnatural amino acid incorporation, spin labeling, and 

DEER spectroscopy. Thus, while these assays will continue to be developed, a more high 

throughput assay is desired and will continue to be investigated. 

 

4.4 Methods 

4.4.1 Protein Expression and Purification  

The Pseudomonas aeruginosa (strain PAO1) lspa and lgt genes were purchased in 

a pET28b vector with an N-terminal 6x His-tag and thrombin cleavage sequence (General 

Biosystems). Genes coding for P. aeruginosa ICP were purchased in a pET28b vector with 
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an N-terminal 6x His-tag (ICP); N-terminal 6x His-tag, tetracysteine motif, and thrombin 

cleavage sequence (FP-ICP); and C-terminal Strep-Tag II (STT-ICP) (General Biosystems 

Inc.) (Figure 4.5). 

The plasmids were transformed into C41(DE3) E. coli cells (Lucigen) and cultures 

were grown in Luria-Burtani (LB) media supplemented with 50 mg/L kanamycin to an 

OD600 around 0.8. Expression was induced with 1 mM isopropyl-β-thio-D-galactoside 

(IPTG) for around 18 hours at 25oC. Cells were harvested by centrifugation at 5,000g for 

10 min at 4 oC and the pellets were frozen at -20 oC. 

Cells were resuspended in Buffer A (20 mM phosphate, pH 7.2, 150 mM NaCl) 

with one Complete Protease Inhibitor Cocktail tablet (Roche) and passed twice through a 

high-presser Nano DeBEE homogenizer (BEE International). Cell debris were removed 

via centrifugation at 18,000g for 30 min. The membrane fraction was subsequently 

separated by ultra-centrifugation at 150,000g for 1 hour at 4 oC. The membrane pellet was 

resuspended in 30 mL Buffer A and frozen at -80 oC. The membrane resuspension was 

thawed and 10 mL Buffer A containing fos choline-12 (FC12) was added such that the 

final concentration of FC12 was 1.8% (w/v), and was allowed to rock at 4 oC for at least 

one hour. Unsolubilized material was then removed by ultracentrifugation at 100,000g for 

45 min. Recombinant protein was bound to a Ni2+ immobilized metal affinity 

chromatography column, and washed with 40 mL Buffer A containing 40 mM imidazole 

and 0.14% (w/v) FC12. The protein was eluted in 20 mL Buffer A containing 300 mM 

imidazole and 0.14% (w/v) FC12. Imidazole was removed by dialysis in 4 L Buffer A three 

times for one hour each, and the protein was concentrated using a 10 kDa molecular weight 



 

 

216 
cutoff concentrator (Millipore). Protein purity was assessed by SDS-PAGE and the protein 

identity was confirmed with MALDI-TOF mass spectrometry. 

 

4.4.2 Gel-Based Assay  

The gel based assay was completed as previously described.1,2 In the first step 1.5-

10 𝜇M Lgt, 10-50 𝜇M ICP (ICP or FP-ICP), and 200 lipid (DOPG or DPPG) were 

incubated for one hour at 37 oC. Then, 2.5-10 𝜇M LspA was added and allowed to incubate 

for another hour at 37 oC. The reaction was stopped by the addition of an equal volume of 

SDS buffer (final reaction volumes were 15-100 𝜇L). The reactions were then run on a gel 

according to the recommended settings. 4-20% and 8-16% Tris-Glycine gels, and 16.5% 

Tris-Tricine gels were used (Bio Rad). The gels were stained with InstantBlueTM (Sigma) 

or Coomassie blue stain and imaged with a Gel Doc EZ system (Bio Rad). 

 For western blots, a protein gel was run in the same manner and the protein was 

transferred to a nitrocellulose membrane via a Trans-Blot® TurboTM system (Bio Rad). The 

membrane was blocked with a 5% (w/v) dry milk TBS-T blocking buffer for two hours, 

and then the primary anti-His antibody (ThermoFisher) was allowed to incubate overnight 

at a 1:1000 dilution. The next day, the membrane was washed three times in TBS-T buffer 

for 15 minutes each and the secondary goat anti-mouse IRDye 800CW (LI-COR) antibody 

was added and incubated for one hour. The membrane was then imaged with an Odyssey® 

imaging system (LI-COR).  
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4.4.3 FRET Assay 

The FRET assay was completed as previously described with FRET substrate 

generously provided by Dr. Denis Wolan.13,14 FRET probe excitation and emission spectra 

were first acquired. Excitation wavelengths ranged from 300 to 400 nm, and emission 

wavelengths ranged from 400 to 600 nm in 1 nm increments. These spectra were taken of 

the FRET probe in both DDM and FC12 buffers before adding LspA, and after incubating 

with LspA for one hour (Figure 4.7). FRET probe in FC12 buffer showed excitation 

maxima at 350 nm and emission maxima at 485 nm, while FRET probe in DDM buffer 

showed excitation maxima at 355 nm and emission maxima at 468 nm. These maximal 

excitation and emission values were used when completing the assay. 

For the assay, 0-5 𝜇M LspA (solubilized in 0.14% FC12 or DDM) and 50 𝜇M FRET 

substrate were added in either FC12 or DDM buffers to a black 96-well plate with a final 

reaction volume of 200 𝜇L. The assay fluorescence was then recorded at the maximal 

excitation and emission values on a SpecraMax M5 microplate reader (Molecular Devices). 

 FP assay. For the newly developed FP assay, FP-ICP, Lgt, and LspA were 

expressed and purified as described above. Equimolar FlAsH fluorophore (Cayman 

Chemical) was added to the purified FP-ICP and allowed to incubate in the dark at 4 oC 

overnight.  

 FP measurements were taken on a FluoroMax3 fluorimeter (Horiba). FP probe 

excitation and emission spectra were first acquired. Excitation wavelengths ranged from 

200 to 320 nm, and emission wavelengths ranged from 300 to 450 nm in 1 nm increments. 

For the assay, combinations of 10 𝜇M FlAsH labeled FP-ICP, 5 𝜇M Lgt, 150 𝜇M DOPG, 

and 6 𝜇M LspA were mixed and incubated for 1 hr at 37 oC. Fluorescence and anisotropy 
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measurements were taken in triplicate at the maximum excitation (288 nm) and maximum 

emission (348 nm) wavelengths with a slit of 2 nm.  

 

4.4.4 New FRET Assay 

Fluorophore constructs (Clover and mRuby2) were purchased in pBAD vectors 

(Addgene). An ICP-FRET construct with an N-terminal 6x His-tag and thrombin sequence 

and a C-terminal extension containing the first 20 amino acids of mRuby2 ending at the 

HincII cut site was purchased (General Biosystems). This extension was required for 

cloning purposes. Clover, mRuby2, and the ICP construct were amplified and sequencing 

was confirmed (Genewiz). Double digestion of Clover and the ICP-FRET or mRuby2 and 

ICP-FRET was completed with EcoRI-HF and BamHI-HF, or HindIII and HincII, 

respectively, using the standard protocol (New England BioLabs). The cleaved DNA was 

purified via gel extraction (QIAquick Gel Extraction Kit, Qiagen) or DNA cleanup 

(Monarch® PCR & DNA Cleanup Kit, New England BioLabs). The vector was 

dephosphorylated with a Quick Desphosphylation Kit (New England BioLabs), and the 

insert was phosphorylated via T4 polynucleotide kinase (New England BioLabs). Ligation 

was carried out using an Instant Sticky-End Ligase Master Mix for the Clover/FRET-ICP 

pair (New England BioLabs) or a Quick Ligation Kit for the mRuby2/FRET-ICP pair (New 

England BioLabs) and transformed. Unfortunately, ligation was never successful. 

 

4.4.5 EPR Assay 

ICP was purchased in a pET28b vector with a C-terminal Strep-tag® II tag (Figure 

4.5C) (General Biosystems). TAG mutations were made via PIPE mutagenesis52 or a 
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QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). Sites before (after amino 

acid 11, X11) and after (X38) the signal peptide were chosen as spin labeling sites as well 

as one further in the ICP sequence (X143). 

The plasmids were transformed into C41(DE3) E. coli cells (Lucigen) and cultures 

were grown in Luria-Burtani (LB) media supplemented with 50 mg/L kanamycin to an 

OD600 around 0.8. Expression was induced with 1 mM isopropyl-β-thio-D-galactoside 

(IPTG) for around 18 hours at 25oC. Cells were harvested by centrifugation at 5,000g for 

10 min at 4 oC and the pellets were frozen at -20 oC. 

For purification, cells were resuspended in Buffer A (20 mM phosphate, pH 7.2, 

150 mM NaCl) with one Complete Protease Inhibitor Cocktail tablet (Roche) and passed 

twice through a high-presser Nano DeBEE homogenizer (BEE International). Cell debris 

were removed via centrifugation at 18,000g for 30 min. The membrane fraction was 

subsequently separated by ultra-centrifugation at 150,000g for 1 hour at 4 oC. The 

membrane pellet was resuspended in 30 mL Buffer A and frozen at -80 oC. The membrane 

resuspension was thawed and 10 mL Buffer A containing fos choline-12 (FC12) was added 

such that the final concentration of FC12 was 1.8% (w/v), and was allowed to rock at 4 oC 

for at least one hour. Unsolubilized material was then removed by ultracentrifugation at 

100,000g for 45 min.  

Recombinant protein was bound to a Strep-Tactin® chromatography column (iba 

Lifesciences), and washed with 6 x 2 mL Buffer A containing 0.14% (w/v) FC12. The 

protein was eluted in 6 x 1 mL Buffer A containing 2.5 mM desthiobiotin (iba Lifesciences) 

and 0.14% (w/v) FC12. Desthiobiotin was removed by dialysis in 4 L Buffer A three times 
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for one hour each, and the protein was concentrated using a 10 kDa molecular weight cutoff 

concentrator (Millipore). Protein purity was assessed by SDS-PAGE.  

The pEVOL pAcF plasmid was generously provided by the laboratory of Dr. 

Wayne Hubbell. The next step will be to co-transform the pEVOL pAcF and pET28b ICP 

(with TAG mutations) plasmids to be able to express ICP with pAcF unnatural amino acids 

at the mutation sites. 
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CHAPTER 5. BICELLE PROPERTIES  

5.1 Introduction 

5.1.1 Project Motivation 

As described in chapter 1, membrane proteins hold a wide variety of essential 

functions and comprise a large percentage of drug targets. However, in order to study 

membrane proteins in vitro, a membrane mimetic must be used.  

For nearly two decades, bicelles have had a wide variety of applications, most 

commonly as bilayer mimetics for structural1–14 and functional15–20 investigations of 

membrane-associated proteins. A bicelle is a bilayer micelle; a disc-shape aggregate 

typically formed by a mixture of detergents (Figure 5.1A) and lipids (Figure 5.1B). Bicelle 

self-assembly was first determined in 198421,22 and since, bicelles have been characterized 

using many methods such as small angle neutron scattering (SANS),23,24 and NMR.25–31 

The classically described bicelle contains a central disk-shaped lipid bilayer encircled by a 

rim of detergents which screen the hydrophobic lipid tails from water (Figure 5.1C).27,28,32 

Thus, in the “ideal” bicelle (term coined by Vold and Prosser in 199632) the lipid and 

detergent molecules are segregated spatially. Bicelles vary in size and shape depending on 

the ratio of lipid to detergent (known as the q-value)32, the structure of the lipid and 

detergent monomers25, total concentration of amphiphiles33,34, and temperature.29,30 For 

solution NMR structural studies, bicelles with low q-values (< 0.7; also known as fast-

tumbling “isotropic” bicelles) have demonstrated some utility for polytopic integral 

membrane proteins.24,31,35,36 Several of these studies suggest that the stabilization of 

membrane protein fold is due to the more “bilayer” nature of bicelles compared to micelles. 
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That is, the segregated lipid core in bicelles is more similar in structure to the native 

membrane. 

Recent investigations of binary mixtures of detergents with different alkyl chain 

lengths and head groups indicated that these compositions are fully mixed.37,38 This 

observation led to a hypothesis that bicelles with q-values below 1, for which the detergent 

concentration is higher than the lipid concentration, may not have segregated lipid cores, 

as previously suggested.34 Here, we investigate the structure and segregation of bicelles 

with q-values less than 1 formed by dihexanoylphosphatidylcholine (DHPC; Figure 5.1A) 

and dimyristoylphosphatidylcholine (DMPC; Figure 5.1B), which have been studied for 

almost 30 years.26,39–41  

Several measurable structural and physical properties allow the mixing of lipids 

and detergents to be tested. As with mixed micelles, the average head group – head group 

distance (L) is expected to vary with concentration in mixed bicelles and can be determined 

via small angle X-ray scattering (SAXS), a model-free measurement.37,38 Since the two 

components of the bicelle have different scattering length densities, small angle neutron 

scattering (SANS) can determine their degree of mixing. The gel to liquid phase transition 

temperature (Tm), measured using the fluorescence anisotropy of diphenylhexatriene 

(DPH), is an independent measurement of the extent of bilayer formation. Thus, 

fluorescence anisotropy can be used to determine the extent of mixing.  Finally, the shape, 

size, and lipid-detergent mixing of bicelles can be quantified directly using molecular 

dynamics (MD) simulations. 

Here I will describe the structural investigation of DMPC/DHPC bicelles. SAXS 

had been previously completed in the labratory by Ryan Oliver and set the stage for this 
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investigation. Ashton Brock conducted the SANS experiments, and I fit the data, 

interpreted the results, and wrote the manuscript. These were complemented by 

collaborations with the groups of Peter Tieleman for molecular dynamics simulations and 

Jebrell Glover for fluorescence anisotropy experiments.42 
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Figure 5.1. Detergent, lipid, and bicelle structures. Structures of detergent DHPC (A), 

lipid DMPC (B), and cartoons of idealized bicelles (C) and mixed micelles (D). Head group 

to head group distance (L) is shown in (C). 
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5.1.2 Previous Work: SAXS 

Small-angle X-ray scattering (SAXS) experiments provide low resolution structural 

information about a protein or complex.43,44 Here, SAXS is used to investigate the structure 

of DMPC/DHPC bicelles at various q-values.  

For SAXS, mixtures of DMPC/DHPC were prepared from q = 0.1 to 1.0, in 

increments of 0.1, at 6% total amphiphile weight per volume in 10 mM phosphate buffer, 

pH 6.6 with 7% D2O. A freeze-thaw cycle was performed on mixtures which were not 

optically transparent after vortex mixing. Small-angle scattering measurements were 

collected at the Advanced Photon Source (Argonne, IL) and processed as described 

previously.45,46  

In the SAXS scattering profile,  the second maximum (Qmax) corresponds to the 

distance between opposing electron rich head groups, L.45 For an ideal bicelle with a fully 

segregated core, the average head group to head group distance (L) equals to twice the 

length of DMPC tails plus a head group (one half on each side) (~43 Å; Figure 5.1C). But, 

if the detergent and lipid components mix, then the parameter L will be less and decrease 

linearly with the concentration of DHPC in the core.37,38  

Our data show that at q-values from 0.5 to 1, the model-free dimension L remains 

constant at 42 Å (Figure 5.2), suggesting a segregated bicelle (core). However, below 

q=0.5, L varies linearly with decreasing q-values (Figure 5.2), indicative of lipid and 

detergent mixing in the core. A linear fit of the data below q=0.5 produces a y-intercept of 

22 Å, the approximate L of pure DHPC, while a linear fit of the data above q=0.5 produces 

a y-intercept of 42 Å, the approximate L of pure DMPC (Figure 5.2B).38,45 These data 

suggest that DHPC and DMPC mix between q=0.1 and q=0.5 and are segregated for q>0.5. 
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Figure 5.2. SAXS measurements of q=0.1 to 1 bicelles. Bicelle dimensions vary with q-

values between 0 and 0.5. The L values (B) are measured directly from the SAXS scattering 

profiles (A) for bicelles with varying q-values according to L=2π/Qmax≈ 2 (1.5 + 1.265nc) 

+ t, where nc is the number of carbons in the alkyl chain and t is the head group thickness. 

6% (w/w) amphiphile concentration was used. Linear fits to the data points for q ≤ 0.5 

(green) and data points for q ≥ 0.5 (blue) are shown in B.  
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5.2 SANS 

 In order to expand upon the global structural information obtained by SAXS, small-

angle neutron scattering (SANS) was used to determine structural information about the 

components of the bicelle as well as lipid – detergent mixing. 

 

5.2.1 SANS Methods 

For SANS experiments, DMPC/DHPC bicelles were prepared in 10 mM phosphate 

buffer, pH 6.6 at q = 0.3 and 0.7 at 6% (w/v) total amphiphile concentrations. DMPC-d54, 

an analog of DMPC with deuterated acyl chains, was used as the lipid component to 

increase the difference in scattering length density (SLD). A freeze-thaw cycle was 

performed on mixtures which were not optically transparent after vortex mixing. 

Solvent deuteration was modified for contrast variation experiments by changing 

the D2O content in the buffer from 0% to 99% via dialysis. Neutron scattering data were 

obtained at the High-Flux Isotope Reactor (Oak Ridge, TN). The experimental match point 

for each data set was calculated from the square root of the total signal intensity as a 

function of the percentage of D2O in the solvent.47  

 

5.2.2 SANS Contrast Variation 

While SAXS gives information about the shape of the overall complex, small-angle 

neutron scattering (SANS) is able to differentiate between components of a 

multicomponent system.43 The intensity (I) of the SANS signal is related to the neutron 

scattering length density (SLD, r), the particle volume (V), and properties of the neutron 

wavelength used (q) for Ni particle species:44  
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Equation 5.1 

The SLD and volume can be calculated for each component of the system, and the 

wavelength properties are known. If the SLD of a component matches the SLD of the 

surrounding solvent, the component will be “matched out” and will not contribute to the 

SANS scattering profiles (Figure 5.3). In this way, SANS experiments can be conducted at 

various H2O:D2O ratios to focus on the structural information from specific parts of the 

complex system.43,47–50 As multiple variables can be solved using an equal number of 

equations, systems measuring multiple parameters (as in this case) can be fit by using an 

equal or higher number of SANS scattering profiles at different D2O concentrations. 
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Figure 5.3. Schematic of SANS contrast variation. When the scattering length density 

(SLD) of the solvent is equal to the SLD of one of the components, it becomes matched 

out and does not contribute to the scattering intensity.  
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5.2.3 SANS Fitting Approach 

The SasView cylinder-based core-shell bicelle model was used for all data fits 

(Figure 5.4).51 The scattering length density (SLD) of the solvent was calculated using 

known SLD values of -5.5x10-7 Å-2 and 6.3x10-6 Å-2 for H2O and D2O, respectively. The 

chemical composition of the phosphocholine headgroup along with reported molecular 

volume was used to calculate the face SLD to be 1.44 x10-6 Å-2.52 This procedure was 

repeated to determine SLDs for whole DHPC (6.71x10-7 Å-2), whole d54-DMPC (5.39x10-

6 Å-2), DHPC tail (-7.49x10-8 Å-2), and d54-DMPC tail (7.04x10-6 Å-2) (Table 5.1).30,53–55 

Ratios of DHPC and d54-DMPC whole lipid SLDs were calculated for the rim SLD, while 

ratios of DHPC and d54-DMPC tails were calculated for the core SLD. These SLD values 

were confirmed using the online resource MULCh: modules for the analysis of contrast 

variation data.56 The face thickness range was set to 7-12 Å based on known length of the 

phosphocholine headgroup while the rim thickness range was set between 10-25 Å based 

on the lengths of DHPC and d54-DMPC.30,52,55,57 The original length range was 15-36 Å 

based on the lengths of two DMPC or DHPC tails as well as the SAXS data. The radius 

started at 20 Å but had no set range since there was no prior evidence to the radius length. 

The q=0.7 6% (w/w) total amphiphile concentration (CL) and q=0.3 6% CL Q ranges were 

set as 0.02-0.20 and 0.035-0.3 respectively to remove noise.  The following solvent D2O 

percentages were fit for each set so as to not fit within 20% of the contrast match point 

(CMP): q=0.7 6% CL: 0, 10, 20, 30, 80, 90, 100; and q=0.3 6% CL: 0, 10, 20, 70, 80, 90, 

100. All scattering profiles in a set were fit starting with the above parameter ranges and 

SLD values corresponding to the amount of mixing observed in the MD simulations 

(q=0.3: 76% DHPC and 24% DMPC corresponding to a core SLD of 1.64x10-6 Å-2and a 
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rim SLD of 1.80x10-6 Å-2; q=0.7: 49% DHPC and 51% DMPC corresponding to a core 

SLD of 3.56x10-6 Å-2and a rim SLD of 3.08x10-6 Å-2). Values for radius, rim thickness, 

face thickness, and length as well as SLDs for core and rim were converged upon after 

several rounds of fitting (Figure 5.5 and 5.6). The percent of DHPC and DMPC in the core 

and rim were calculated by the ratios of pure DHPC and DMPC SLDs 

[SLD=(%DMPC)(DMPC SLD)+(%DHPC)(DHPC SLD)] where the percentages of 

DMPC and DHPC add to 100%. The radii were calculated as radius+rim and ½length+face 

thickness. 
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Figure 5.4. Schematic of core-shell bicelle model. Core-shell bicelle model used to fit 

the experimental SANS scattering profiles for radius, rim thickness, length, and face 

thickness values. 
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Table 5.1: Scattering length density for different bicelle components 

Component Scattering length density (x 10-6 Å-2) 
DMPC with deuterated alkyl chains 5.39 
DHPC (rim in ideal bicelle) 0.671 
PC head group (face) 1.44 
Deuterated dimyristoyl chains (core in 
ideal bicelle) 

7.04 

Dihexanoyl chains -0.075 
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Figure 5.5. SANS core-shell bicelle model fits for q=0.7. Core-shell bicelle model fits 

(black) to the experimental SANS scattering profiles (red) for q = 0.7 bicelles in different 

solvent D2O concentrations. 
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Figure 5.6. SANS core-shell bicelle model fits for q=0.3. Core-shell bicelle model fits 

(black) to the experimental SANS scattering profiles (red) for q = 0.3 bicelles in different 

solvent D2O concentrations. 
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5.2.4 SANS Results 

To investigate the structure of bicelles, SANS experiments were conducted on 

bicelles with q-values of 0.3 and 0.7 with different solvent scattering length densities 

(varied percentages of D2O in H2O). Each scattering profile (Figure 5.5 and 5.6) was fit to 

the core-shell bicelle model (Figure 5.4). The obtained dimensions (Tables 5.2 and 5.3) 

provide information about the shape of each bicelle. These results show that higher 

detergent concentrations reduce the size and result in a more spherical shaped bicelle 

(Table 5.4).  

The classical bicelle model predicts that the concentration of lipids and detergents 

in the core and rim will deviate from their bulk concentration: the bilayer forming lipid 

DMPC is expected to preferentially partition to the core, while the detergent DHPC to the 

rim. SANS contrast variation was used to investigate the extent of mixing in bicelles with 

q-values of 0.3 and 0.7.  

In SANS experiments, bicelles formed by DHPC with protonated alkyl chains and 

DMPC with deuterated alkyl chains were used to distinguish a segregated versus a mixed 

bicelle.51 Deviations from the DHPC or DMPC alkyl chain scattering length density (SLD; 

Table 5.1) in the “rim” and “core”, respectively, indicates lipid/detergent mixing because 

of the SLD contrast between DHPC and DMPC. To verify the SLD values and the effective 

q-values of the bicelle the theoretical match points and the experimental match points were 

compared and are in good agreement (Table 5.5). The percent of DHPC and DMPC in the 

core and rim were calculated by the ratios of pure DHPC and DMPC SLDs (Table 5.1) 

[SLD=(%DMPC)(DMPCSLD)+(%DHPC)(DHPC SLD)] where the percentages of DMPC 

and DHPC add to 100%. The SLD values from the core-shell bicelle fits to the SANS data 
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(Figure 5.5 and 5.6) indicate that the core composition is 38 – 77% DHPC and 23 – 62% 

DMPC in q=0.3 bicelles and the core composition is 37 – 49% DHPC and 51 – 63% DMPC 

in q=0.7 bicelles. Although a broad range of DHPC is observed for the q=0.3 bicelles, fully 

mixed values (76% for bulk value) are observed  while they are not for q=0.7 bicelles (56% 

for bulk value) (Tables 5.2-5.4).  
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Table 5.2: Fit parameters for the SANS profiles of q=0.7 bicelles 
using the core-shell bicelle model 

D2O Radius Rim Face Length Core 
DMPC 

Rim 
DHPC 

% (Å) % 
0 17 12 7 19 63 59 

10 15 11 7 23 52 49 
20 14 11 7 18 52 49 
30 11 11 7 25 51 49 
80 27 19 12 36 52 49 
90 19 19 12 36 55 52 
100 16 13 7 32 59 51 

AVG 17 15 8 27 55 51 
Range 10-27 11-23 7-12 18-36 51-63 49-59 
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Table 5.3: Fit parameters for the SANS profiles of q=0.3 bicelles 
using the core-shell bicelle model 

D2O Radius Rim Face Length Core 
DMPC 

Rim 
DHPC 

% (Å) % 
0 6 12 7 16 24 77 

10 4 13 7 15 23 76 
20 5 10 7 15 32 77 
30 21 10 12 23 24 78 
80 15 11 7 21 60 100 
90 14 11 7 19 62 100 
100 15 11 7 18 56 100 

AVG 11 11 8 18 40 87 
Range 4-21 10-13 7-12 15-23 23-62 76-100 

 

 

 

 

 

 

 

 

 

 

 

 

 



 247 
 

Table 5.4: Comparison of q=0.3 and q=0.7 bicelles 
 q=0.7 q=0.3 

Average Range Average Range 
Radius 17 10-27 11 4-21 

Rim Thickness 15 11-23 11 10-13 
Face Thickness 8 7 - 12 8 7 - 12 

Length 27 18-36 18 15-23 
Core % DMPC 55 51-63 40 23-62 
Rim % DHPC 51 49-59 87 76-100 
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Table 5.5: Match point comparison for tested bicelles 

Bulk q 
value 

Effective 
 q value* 

Match point (% D2O) 
Theoretical for 

bulk q value 
Theoretical for 
effective q value Experimental 

0.70 0.78 54 56 57 
0.30 0.32 40 41 41 

 

*Effective q-value is calculated by subtracting the critical bicelle 

concentration (cbc) of DHPC monomer from the overall concentration of 

amphiphiles (qeff=[DMPC]/([DHPC]-CBC); CBCDHPC=7mM) 
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5.3 Collaborations 

5.3.1 Molecular Dynamics 

In order to gain a better understanding of the size, shape, and lipid – detergent 

mixing in DMPC/DHPC bicelles, molecular dynamics simulations at various q-ratios were 

performed in collaboration with the group of Peter Tieleman.42 

 

5.3.1.1 MD Methods 

MD simulations were performed for mixtures of DMPC (lipid) and DHPC 

(detergent) in water. The Gromacs v. 4.6.5 software58 with the Stockholm lipid (Slipid) 

force field59–61 and TIP3p water model62 were used. The starting configuration constituted 

a loose spherical aggregate of DMPC and DHPC in a water cube. The ratio of 

DMPC/DHPC was varied to produce a range of q-values (0.3 and 0.7), resulting in 6 

different system setups with varying numbers of lipids and detergents in the box. The 

hydration level was selected at 1/400 lipid (and detergent) to water ratio, which 

corresponds to ~100 mM and ~9% (w/v) amphiphile. Aggregation of lipids and detergents 

in the course of simulation resulted in one or more bicelles/micelles in the simulation box. 

We considered the largest and most stable aggregate for each setup; the actual number of 

molecules in the considered aggregate was therefore lower than the total number of 

molecules in the box. Note that the actual q-value of the aggregate differed from the total 

value in the box. 

The standard simulation parameters for Slipids force field were used. The 

temperature was maintained at 303 K with the v-rescale thermostat63 with a relaxation time 

of 1 ps. The pressure was maintained at 1 bar with the isotropic coupling scheme and 
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Parinello-Rahman barostat64 with the time constant of 3 ps. A cut-off of 1 nm was used for 

van der Waals and electrostatic interactions; the energy-pressure dispersion correction and 

the PME method65,66 were used for long-range interactions. The integration time step was 

2 fs, the neighbor list was updated every 10 steps. The simulation time was 1 microsecond 

for each setup. 

To characterize the mixing of lipids and detergents, we calculated the enrichment 

values of DHPC around DMPC. The enrichment value is given by the ratio of the local 

concentration of DHPC around DMPC to the bulk concentration (defined as the molar ratio 

of DHPC and corresponding to 1/(q+1) at the given q-value). The calculations were 

performed using custom python scripts employing MDAnalysis library.67 To characterize 

the bicelle shape, the bicelle headgroup layer was fitted to a 3D ellipsoid using custom 

Matlab scripts, and the principal radii of the ellipsoid were calculated. We also calculated 

the SAXS scattering profiles of the bicelle structures obtained in MD using FoXS 

software.68  

 

5.3.1.2 MD Results 

Molecular dynamics simulations were performed of q=0.3 and q=0.7 bicelles 

(Figure 5.7). At higher q, bicelles become less spherical compared to lower q, as evident 

from the principal radii of an ellipsoid fitted to the aggregate shape (Table 5.6). 

In MD simulations, the segregation of lipids and detergents can be quantified by 

comparing the local concentration of DHPC around DMPC. There is on average 76% 

DHPC around DMPC in q=0.3 bicelles and 49% in 0.7 bicelles. It is interesting to note that 

full segregation was not observed in either case indicating a certain degree of mixing even 
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in isotropic bicelles with q>0.5, similar to previously reported simulations.34 Thus, mixed 

nearly-spherical micelles were observed for q≈0.3 and partially segregated ellipsoid 

bicelles for q≈0.7 (representative structures are shown in Figure 5.7).  
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Figure 5.7. Snapshots from MD bicelle simulations. A) q=0.3 and B) q=0.7 bicelles (9% 

(w/w) amphiphile) visualized in VMD.69 DHPC and DMPC are rendered as sticks and 

colored yellow and blue, respectively. The surface is shown as transparent gray and a 

portion of the bicelle is removed to view the interior distribution of the DMPC and DHPC 

tails.  
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Table 5.6: Bicelle properties from MD simulations 
# n (n*) q (q*) Rg,nm L,nm a,nm b,nm c,nm comment 
1 34 (33) 0.3 (0.3) 1.6 2.6 2.4 2 1.8 mixed micelle 
2 75 (41) 0.3(0.32) 1.7 2.8 2.4 2.1 1.8 mixed micelle 
3 75 (74) 0.5(0.51) 2.1 3.5 3.0 2.5 2.3 ellipsoidal bicelle 
4 150(110) 0.5(0.72) 2.5 4.2 4.2 2.8 2.3 segregated bicelle 
5 120(116) 0.7(0.76) 2.6 4.2 4.0 3.1 2.2 segregated bicelle 
6 150 (96) 0.7(0.92) 2.4 4.2 3.5 3.1 2.2 segregated bicelle 

 

Here n is total number of lipids and detergents in the simulation box, n* is the actual 

number of lipids and detergents in the aggregate, q is q-value (lipid-to-detergent ratio) in 

the simulation box, q* is the actual q-value in the bicelle (or micelle), Rg is radius of 

gyration, L parameter is determined from the second peak of the SAXS profile using FoXS 

software, a, b, and c are the principal radii of an ellipsoid, fitted to the bicelle surface 

(headgroups layer). 
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5.3.2 Fluorescence Anisotropy 

To gain a better understanding of DMPC/ DHPC mixing in various q-ratio bicelles, 

fluorescence anisotropy was employed in collaboration with the group of Jebrell Glover.42 

 

5.3.2.1 Anisotropy Methods 

For fluorescence anisotropy experiments, 2.3% (w/w) DMPC – DHPC mixtures 

with q-values ranging from 0 to 1.50 (0.05, 0.30, 0.50, 0.75, 1.00, 1.50) were prepared on 

a 3-gram scale using the following methodology. First, a DMPC stock was made by 

dissolving the lipid to 50 mg/mL in chloroform. To a 2 mL microcentrifuge tube, DMPC 

in chloroform was added (83, 370, 510, 630, 720, and 827 µL respectively). After this, 

DPH dissolved in methanol was added to each tube to give a final concentration of 6 µM, 

and the samples were then dried under vacuum overnight. The samples were then hydrated 

by the addition of 2.78 mL of water, and 75 µL buffer (400 mM HEPES, 4.0 M NaCl pH 

7.4). Finally, DHPC was added as a 25% (w/w) stock to achieve clear homogeneous 

solutions (250, 196, 169, 146, 129, and 107 µL respectively). Vesicles were prepared by 

dissolving 16 mg of DMPC in 600 µL of chloroform. To this DPH dissolved in methanol 

was added to give a final concentration of 30 µM (1:500 DPH to lipid molar ratio). The 

sample was then dried under vacuum overnight. The sample was further rehydrated using 

2.78 mL of water and 75 µL buffer (400 mM HEPES, 4.0 M NaCl pH 7.4). This solution 

was sonicated for 5 minutes using a microtip to generate small unilamellar vesicles. The 

solution became clear and was then centrifuged at 20,000 x g for 5 minutes to remove 

titanium and large lipid aggregates. This solution was then allowed to sit 12 hours to allow 
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fusion of small unilamellar vesicles. The solution was then centrifuged at 20,000 x g for 5 

minutes. The supernatant was diluted 4 fold and to be used in fluorescence experiments. 

Fluorescence emission spectra of lipid and detergent mixtures were acquired with 

magnetic stirring using a 1 ´ 1 cm quartz cuvette on an Agilent Eclipse fluorometer (Santa 

Clara, CA). The excitation and emission slit widths were both set to 5 nm. The fluorescence 

emission intensity was measured (excitation 355 nm, emission 430 nm) with polarizers 

parallel to each other (both oriented at 0° from vertical) and repeated in the perpendicular 

configuration (excitation 0° and emission 90°). The correction factor for emission 

monochromator transmission efficiency was obtained from the ratio of emission intensity 

at 0° and 90° with the excitation polarizer oriented at 90°. Melting curves were generated 

for both pure DMPC vesicles and DMPC-DHPC bicelles by examining the change in 

diphenylhexatriene (DPH) anisotropy as a function of temperature over the range of 2 - 36 

°C. Each melting temperature was determined from the inflection point of the melting 

curve using a sigmoidal fit in Igor Pro 6.22A (WaveMetrics, Inc., Lake Oswego, OR). 

Melting temperatures obtained represent the average of two experiments. 

 

5.3.2.2 Anisotropy Results 

The fluorescence anisotropy of diphenylhexatriene (DPH) detects changes in the 

fluidity of lipid bilayers as a function of temperature, from which the main phase transition 

temperature (Tm) of a lipid bilayer can be determined.70–72 To benchmark this technique, 

the Tm of pure DMPC vesicles was measured to be 23.1 ± 0.4 °C, consistent with other 

methods (Figure 5.8).34 The Tm of bicelles is expected to be identical to that of DMPC 

vesicles if DPH partitions into a region comprised purely of DMPC. However, if significant 
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mixing between DMPC and DHPC occurs, a decrease of Tm compared to DMPC vesicles 

will be observed, as DHPC disrupts acyl chain packing between DMPC molecules.  

Analysis of the melting curves (Figure 5.8A) yielded the Tm for each q-value. 

Comparison of the Tm values obtained from the anisotropy measurements to Tm values for 

ideally mixed DHPC/DMPC vesicles indicates significant differences at all q-values less 

than 1.0, suggesting that these bicelles do not fit a fully mixed bicelle model (Figure 

5.8B).34 This data agrees with previously reported Tm values derived from FTIR 

spectroscopy of various q-value bicelles;34 however, it does not support recent NMR data 

indicating similar lipid/detergent mixing in low and high q bicelles.73 As the q-value 

increased, the Tm asymptotically approached the melting temperature of a pure DMPC 

bilayer.  Only for q ≥ 1.0 a Tm close to that of a pure DMPC bilayer is obtained (± 1 °C) in 

agreement with FTIR measurements (Figure 5.8B).34 This suggests a variation in the 

lipid/detergent mixing at q-values below 1.0. 
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Figure 5.8. Fluorescence anisotropy of bicelles. A) Temperature dependence of the 

anisotropy value for DPH fluorescence reconstituted into bicelles with varying q-values 

(2.3% (w/w) amphiphile). The inflection point of each melting curve was taken as the Tm.  

B) Experimentally determined and calculated Tm values for bicelle solutions as a function 

of mole fraction DMPC.  The linear black dashed line represents Tm values for ideal mixing 

(Tm = cDHPC ´ Tm(DHPC) + cDMPC ´ Tm(DMPC)).  The red dashed line shows the Tm 

of pure DMPC bilayers (23.1 °C).  Errors in each Tm measurement were approximately ± 

0.2 – 0.4 °C. 
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5.4 Conclusions 

5.4.1 Bicelle Shape 

In order to gain a better understanding of the bicelle membrane mimetic 

environment, bicelle structural features were determined with SAXS, SANS, and MD 

simulations. SANS obtained dimensions (Tables 5.2-5.4) agree with SAXS data (Table 

5.7) and provide additional information about the shape of the bicelle. Higher detergent 

concentrations reduce the size and result in a more spherical shaped bicelle. The simulation 

results support the SANS and SAXS analysis. At higher q, bicelles become less spherical 

compared to lower q, as evident from the principal radii of an ellipsoid fitted to the 

aggregate shape (Tables 5.6-5.7). This trend is observed in the SANS models; however, 

the average radii from the SANS models are slightly shorter than the MD models. Some 

discrepancies are expected due to differences in the methods related to ensemble properties 

(multiple bicelles in experiments with a certain degree of polydispersity vs. a single bicelle 

in the simulation box). However, the MD dimensions are within the ranges obtained from 

the SANS fits. The small radius is comparable to half the SAXS-derived L dimension (the 

SAXS value is smaller by half of a head group since L is the distance measured from the 

middle of each head group). Furthermore, L values derived from the simulated SAXS data 

(from the MD obtained bicelle structures) are equal to the SAXS values for q=0.7 (42 Å), 

but are somewhat larger than those for q=0.3 bicelles (Figure 5.2, Table 5.6). Altogether, 

the difference in the radii between q=0.3 and q=0.7 bicelles is indicative of a structural 

change in isotropic bicelles above and below q≈0.5. The linear changes in L observed in 

SAXS experiments, and the overall geometry determined by all three methods suggest that 

the bicelles with q<0.5 do not have fully segregated lipid cores. 
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Table 5.7: Comparison of bicelle methods 

 Radius (Å) DHPC 

q  1 2 Expected# 
(%) 

Observed 
(%) Ratio^ 

0.7 
SAXS - 21 

56 
- - 

SANS 32 22 45/51* 0.8/0.9 
MD 40 27 49 0.9 

0.3 
SAXS - 16 

76 
- - 

SANS 22 17 60/87* 0.8/1.1 
MD 24 19 76 1 

 

Dash indicates the parameter is not determined. #If fully mixed, *Average values for the 

core/rim are given, ^Ratio of expected to observed DHPC. 
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5.4.2 Lipid-Detergent Mixing 

SANS, MD, and fluorescence anisotropy were used to investigate the extent of 

mixing in bicelles with q-values of 0.3 and 0.7. SANS and MD derived DHPC percentages 

are in good agreement (Table 5.7). Fluorescence anisotropy measurements suggest a 

variation in the lipid/detergent mixing at q-values below 1.0 (Figure 5.8), in agreement 

with the geometrical changes determined with SAXS (Figure 5.2), and the geometrical and 

lipid-detergent mixing observed in MD (Figure 5.7,  Table 5.6) and SANS (Table 5.4) 

studies. 

 

5.4.3 Overall Conclusions 

We have shown using four independent methods – SAXS, SANS, MD, and 

fluorescence anisotropy -  that bicelle properties vary with the lipid-to-detergent ratio. The 

data suggest that at q-values below 1 lipid and detergent molecules partially mix, and the 

bicelle structure deviates from the ideal bicelle model. With increasing q-values, the lipid-

detergent aggregates transition from a spherical mixed micelle through an ellipsoidal 

micelle to a disc-like bicelle.  

These results suggest that care should be taken in interpreting membrane protein 

structural changes in micelles and bicelles. Isotropic bicelles with q-values less than 0.5 

likely present a micellar environment, and bicelles with q-values less than 1 may not fully 

capture bilayer properties. A recent NMR study inferred similar bicelle differences based 

on protein positioning using PRE experiments.35 Changes in protein structure in a low-q 

micelle/bicelle may be related to the micelle shape, size, and fluidity, or specific 

interactions with the lipids rather than the claimed “more bilayer-like” feature. It is 
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interesting to note that segregation of lipids in low q bicelles may be protein mediated if 

the lipid interactions are pre-formed.74,75  
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