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Abstract 
This thesis focuses on the structural and functional characterization of two integral 

membrane proteins; CfrA, an outer membrane TonB-dependent ferric-enterobactin 

transporter from Campylobacter jejuni, and ELIC, a pentameric ligand-gated ion channel 

(pLGIC) from Erwinia Chrysanthemi.  CfrA was cloned, expressed, solubilized, purified and 

reconstituted into model membranes for biophysical characterization by Fourier transform 

infrared spectroscopy.  The structural characterization revealed a predominantly β -sheet 

secondary structure, a high peptide backbone solvent exposure, and a high thermal stability, 

all consistent with the structural and biophysical properties observed for other TonB 

dependent transporters.  Both a homology model of CfrA and sequence alignments of CfrA 

with other ferric enterobactin transporters suggested a unique mode of ligand binding, thus 

raising the possibility that CfrA-containing C. jejuni can be specifically inhibited, while 

sparing the gram negative bacteria in the endogenous microflora.  To investigate the 

molecular determinates of binding to CfrA, I set out to crystallize CfrA in the presence and 

absence of ligand.  Hundreds of crystal trials eventually led to crystals diffracting to 3.6Å 

resolution, with a complete data set acquired at 5Å resolution.  The resulting crystal structure 

led to a structural model of the CfrA β-barrel.  Additional optimization of crystal conditions 

resulted in promising crystals that diffracted relatively well on a home source.  However, 

testing of new crystals at a synchrotron was hindered by logistic and inconsistent access to 

beam time.  The isolated plug domain was also cloned, expressed, and purified to gain 

insight into the plug domains conformational dynamics and its involvement in mechanism of 

transport.  The purified plug domain exhibited the expected mixed α-helix/β-sheet secondary 

structure, and underwent denaturation at a temperature of 50 oC. Surprisingly, exposure to 
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2H2O buffer led to the complete exchange of all peptide hydrogens for deuterium within 

minutes, suggesting a highly dynamic structure.  Conditions for producing the 15N-labeled 

plug in defined media were optimized.  Preliminary 1H-15N HSQC NMR spectra suggested a 

folded structure that is amenable to structural and dynamic studies, although a dynamic 

equilibrium between monomeric and possibly dimeric forms prevented a more detailed 

analysis.  

In the second part of this thesis, I developed a protocol for the expression, purification, and 

reconstitution of ELIC into model membranes in order to test the role of intramembrane 

aromatic interactions in ELIC gating and lipid sensing.  ELIC was reconstituted into both 

asolectin (aso-ELIC) and 1-palmitoyl-2-oleoyl phosphatidylcholine (PC-ELIC), membranes 

that stabilize the homologous nicotinic acetylcholine receptor (nAChR) in functional coupled 

versus non-functional uncoupled conformations, respectively.  In both membrane 

environments, ELIC exhibits a mixed α -helical (~30%) and β -sheet (~35%) secondary 

structure, with a thermal denaturation temperatures of approximately 60°C, values 

intermediate between those of the nAChR and the close prokaryotic homolog, GLIC, in 

similar membranes.  Unlike the uncoupled PC-nAChR, PC-ELIC does not undergo enhanced 

peptide 1H/2H exchange, suggesting that ELIC does not adopt a similar uncoupled 

conformation in PC bilayers.  Injections in Xenopus laevis oocytes led to the fusion of of aso-

ELIC with the plasma membrane and the appearance of currents that respond in a dose-

dependent manner to cysteamine.  In contrast, injection of PC-ELIC into oocytes does not 

lead to the appearance of cysteamine-induced currents.  Together, the data suggest that 

although ELIC has a decreased propensity to adopt an uncoupled conformation relative to the 

nAChR, its ability to undergo cysteamine-induced channel gating is sensitive to its lipid 
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environment.  The decreased propensity to uncouple may reflect an increased level of 

aromatics at the interface between the transmembrane α-helices, M1, M3, and M4.  To test 

this hypothesis further, the level or aromatic residues at the M1, M3, and M4 interface in 

both GLIC and ELIC were varied, and in both cases the levels of intramembrane aromatic 

interactions correlated with the efficiency of coupling of binding and gating.  The data 

provide further evidence for a role of intramembrane aromatics in channel gating and in 

dictating the propensity of pentameric ligand-gated ion channels to adopt an uncoupled 

conformation.   
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1.1 Membrane proteins are essential for life 

The survival of multicellular organisms is highly dependent on the ability of individual cells 

to acquire essential nutrients and to communicate with other cells.  The ability of cells to 

perform these essential tasks is aided by the presence of a membrane, which surrounds and 

encapsulates the cell.  Cell membranes are composed of a variety of both lipids and proteins.  

Lipids spontaneously aggregate to form bilayers that present a hydrophobic barrier between 

the inside and outside of the cell.  This barrier both protects the cell from the external 

environment and compartmentalizes cellular functions.  In contrast, the embedded membrane 

proteins are typically responsible for complex processes, such as cell-to-cell communication 

and the acquisition of cellular metabolites.  

Membrane proteins account for 20-30% of the proteins encoded in the proteome of most 

organisms (1).  With over half of known therapeutics targeting membrane proteins, the 

elucidation of membrane protein structure and thus function should lead to important 

advancements in the treatment of disease states (2,3).  Due to the amphipathic nature of 

membrane proteins, their structural characterization remains inherently difficult (see below) 

(4).  Although there has been a substantial increase in membrane protein structures deposited 

in the protein data bank in recent years, membrane protein structures still account for only 

2% of known structures (5).  In order to exploit the vast potential of membrane proteins for 

possible therapeutic interventions, extensive structural characterization is required.   

1.2 Common obstacles hindering structural characterization of membrane proteins 

A common stumbling block during the structural characterization of membrane proteins is 

the production of pure homogenous protein samples, which are essential for successful 

structural characterization.  There are several limiting factors hindering the generation of 
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pure membrane proteins (6).  The first obstacle involves expression.  Many membrane 

proteins are not produced in sufficient quantities by natural sources for structural studies; 

therefore, a heterologous expression system must be used.  There are three common 

problems regarding membrane protein expression in heterologous expression systems (a) the 

membrane protein may be toxic to the host, (b) the membrane protein may be expressed at 

low levels, and (c) the membrane protein may be un/misfolded (7).  Different heterologous 

expression systems, such as bacterial, yeast, insect and mammalian cells, are typically used 

to express different membrane proteins; however, the choice of expression system remains 

largely empirical (7-11).  Optimization beyond the choice of expression system is also often 

needed.  For example, fusions of the protein of interest with a “carrier” protein (e.g. Mystic) 

have been shown to increase expression and membrane insertion in some systems (12-14).  

Expression into inclusion bodies followed by refolding has also been successful in certain 

cases (15).   

Once expression is optimized, a detergent must be identified that will (a) solubilize the 

protein from the lipid bilayer,  (b) maintain the structure and function of the protein during 

the purification and (c) facilitate the crystallization or NMR analysis of the protein (see 

below) (16).   Numerous detergents have been used with success for solubilization and 

crystallization of membrane proteins; however, extensive screening and optimization is 

critical (17-19).  In particular, the size of the detergent belt surrounding the protein can 

hinder both solution state NMR and crystallization experiments.  The size of the detergent 

belt can increase the dimensions of the detergent-protein complex over the size limit of 

solution state NMR experiments (~100kDa) (20).  The detergent belt size can also hinder the 

formation of protein-protein contacts that are necessary for the formation of a protein crystal 
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(21,22) (see below).  Detergent exchange is often needed, as the detergent optimized for 

solubilization is not best suited for crystallization or NMR experiments (23). 	  

1.3 Structural Characterization of Membrane Proteins 

The main techniques used for the determination of high-resolution structures of membrane 

proteins are solution state nuclear magnetic resonance (NMR) and X-ray crystallography, 

both of which require the solubilization of the membrane protein from the bilayer (24). 

Briefly, solution state NMR of a membrane protein uses a nucleus of an atom with a nuclear 

spin of 1/2 (1H,13C and 15N) that when placed in a magnetic field will either align with (lower 

energy) or against (higher energy) the magnetic field.  When external energy is supplied, the 

nuclei in the lower energy state absorb energy and adopt the higher energy state.  The 

adsorption of radiofrequency is used to determine the structure.  The application of solution 

state NMR, which was traditionally used for soluble proteins, to membrane proteins is 

complicated by the slow tumbling rates of large detergent-protein complexes.  This typically 

results in peak broadening, poor sensitivity and reduced spectral resolution.  However, with 

the advent of higher magnetic fields and the transverse relaxation-optimized spectroscopy 

(TROSY) method, the opportunity to study larger molecules by solution state NMR is 

possible (20,25,26).  Two main challenges still remain with respect to solution state NMR: 

(a) generating the amount of pure protein in an appropriate membrane mimic (see below) and 

(b) signal overlap caused by redundancy of the amino acids and secondary structure within 

the membrane environment (27).  In spite of these limitations, a number of membrane 

protein structures have been solved to high resolution (26,28,29).  Solution state NMR is an 

active and rapidly developing field with respect to membrane proteins and will aid in 

structural determination in the coming years (30). 
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X-ray crystallography is the prominent method for acquiring atomic level information of 

membrane proteins (15).  The starting point for crystallography is the production of a protein 

crystal.  Protein crystals are built up from protein monomers packed together in a regular 

repeating fashion.  Protein crystallization is a process by which a pure homogenous protein 

sample is encouraged, by different means, to supersaturate causing formation of a highly 

ordered crystal.  Supersaturation is a non-equilibrium state where the protein is present in 

solution in excess of its solubility limit, forcing protein molecules to move closer in space 

and thus the formation of protein-protein contacts.  Equilibrium will begin to be 

reestablished in the environment when the proteins interact in an ordered, repeating fashion, 

a process referred to as nucleation.  Nucleation is followed by growth of the protein crystal 

until equilibrium of the environment is reached (16).  Discovering ideal conditions that 

encourage the protein of interest to supersaturate, nucleate and grow in a highly ordered 

fashion is a major stumbling block in the production of atomic resolution structures solved 

by X-ray crystallography.  One needs to identify the chemical, biochemical and physical 

conditions that yield some form of crystalline material.   

Once conditions that favor crystallization are found, the optimization process begins.  One 

needs to determine conditions that yield a highly ordered crystal that diffract X rays to high 

resolution.  The use of additives and substrates during crystallization have been helpful in the 

acquisition of high-resolution structural information.  Another variable to consider is the 

presence of lipids, although the protein has been removed from the bilayer there is the 

potential that lipids are still bound to the protein.  Some proteins have been shown to require 

either the removal of certain lipids (FhuA) or the presence of lipids in order to form a highly 

ordered crystal (ELIC) and/or maintain functionality (31-33).  Note that membrane protein 
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crystals are typically smaller and more delicate then their soluble counterparts.  As a result 

the atomic resolution of a membrane protein structure is often lower then that of soluble 

proteins (4).  The testing to discover conditions that produce high quality crystals capable of 

diffracting to high resolution is complex and takes considerable time, patience and 

persistence. 

1.4 Membrane Proteins Folds 

There are two main classes of membrane proteins, intrinsic or integral and extrinsic or 

peripheral.  Intrinsic membrane proteins have one or more segments that transverse the 

hydrophobic lipid bilayer, and typically extend into the aqueous medium on either side of the 

bilayer.  Within the integral membrane protein class there is a subcategory of integral 

monotopic proteins.  These membrane proteins are embedded in one leaflet of the membrane 

and thus are exposed to the aqueous medium on one side of the bilayer.  In contrast, extrinsic 

membrane proteins associate peripherally with the bilayer either indirectly though 

interactions with an intrinsic membrane protein or directly through the interaction with lipid 

headgroups.  The focus of this thesis is on two intrinsic membrane proteins, which will 

simply be referred to as membrane proteins.   

Membrane proteins typically experience three distinct environments: a hydrophilic water 

environment, a polar environment located at the level of the lipid headgroups, and a 

hydrophobic lipid environment located at the center of the bilayer adjacent to the lipid acyl 

chains. To accommodate the three separate environments, membrane proteins strive to limit 

the energetic penalty associated with membrane protein insertion by maximizing hydrogen 

bonds with the polar environment and matching the length of the hydrophobic core of the 

membrane protein with the length of the hydrophobic lipid acyl chains (34).   
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To date, two main types of protein tertiary structures that fulfill the above physical and 

chemical requirements have been identified in a cellular membranes:  α-helical and β-barrel 

membrane proteins (Figure 1.1).  α-helical membrane proteins are predicted to represent 27 

% of all  proteins in the human genome (35).  They can possess a single α-helix passing 

though the bilayer, such as in guanylate cyclase, or can pass through the bilayer many times, 

as documented for the nicotinic acetylcholine receptor (36,37).  α-helical proteins typically 

arrange themselves within the bilayer, sometimes permitting the formation of a water filled 

channel through the membrane and other times packing densely thus hindering solvent 

penetration into the bilayer environment (38,39).   

β-barrel proteins are typically formed from multiple β-strands arranged in a circular fashion 

forming a central pore.  In gram negative bacteria, genes encoding β-barrel proteins, referred 

to as porins, are predicted to account for 2-3% of the protein coding region in the genome 

(40))  They can range from 8 β-strands, in the human retinol binding protein, to 22 β-strands, 

as seen in TonB dependent transporters (TBDT) (41,42).  Typically, the centre of the pore is 

solvent exposed with loops controlling the size of metabolite able to pass through the protein.  

However, not all β-barrel proteins allow free flow of metabolites from the extracellular 

solution to the intracellular solution.   TonB dependent transporters have a domain situated in 

the pore of the barrel occluding free transport from the extracellular solution to the 

periplasmic space  (Figure 1.1C). 

There are many types of membrane proteins (Figure 1.2).  For example, transporters regulate 

the transport of molecules/metabolites/nutrients into the cell.  Receptors receive and translate 

extracellular signals into intracellular action.  Enzymes convert one molecule into another 

form to produce essential cell components or to generate energy during metabolic processes, 
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Figure 1.1 

Membrane protein global folds. (A) The nAChR (2BG9) showing transmembrane α -
helices.(B)  OmpF (3K19), a porin, showing a transmembrane β -barrel.  (C) FepA (1FEP) 
showing a different of transmembane β -barrel.  The barrel is occluded preventing free 
passage of metabolites from the extracellular solution into the periplasm. 
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Figure 1.2 

Common functions of membrane proteins.  Transporters regulate the transport of 
molecules/metabolites/nutrients into the cell.  Receptors receive and translate extracellular 
signals into intracellular action.  Enzymes convert one molecule into another form to produce 
essential cell components or to generate energy during metabolic processes. 
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etc.  The work in this thesis is focused on two distinct types of membrane proteins, a 

membrane protein transporter and a membrane protein receptor.   

1.5  Thesis Outline  

This thesis will focus on two distinct projects involving the structural characterization of two 

membrane proteins.  The first project is centered on a TonB dependent transporter (TBDT) 

from Campylobacter jejuni implicated in the acquisition of iron.  The goal of the first project 

(Chapters 3 though 5) was to express, purify, and structurally characterize CfrA, and to 

explore molecular determinates of enterobactin binding.  Chapter 3 describes the successful 

expression, purification, reconstitution and biophysical characterization of CfrA in model 

membranes.  The progress made towards high-resolution structural data of CfrA is described 

in Chapter 4.  The successful crystallization of CfrA resulted in a model at 5Å resolution.  

Chapter 5 describes the structural characterization of the isolated plug domain of CfrA.  The 

second project (Chapters 7 and 8) involves the structural and functional characterization of a 

prokaryotic homolog of a pentameric ligand gated ion-channel (pLGIC) from Erwinia 

Chrysanthemi (ELIC).  Chapter 7 compares the structures, thermal stability and lipid 

sensitivities of ELIC to another pLGIC, GLIC, and proposes a role for intramembrane 

aromatic interactions in determining lipid sensitivity.  The role of aromatics in pLGIC 

function was explored further in Chapter 8.  As the work presented here is focused into two 

distinct projects the remaining introduction has also been divided into two parts: The Battle 

for Iron (Human vs. Bacteria) and The Role of Intramembrane Aromatics in Pentameric 

Ligand Gated Ion Channel Lipid Sensing. 
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PART I 

2 The Battle for Iron (Human vs Bacteria) 
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2.1 The Biological Role of Iron 

Because of both the abundance of iron on the earth’s surface and its unique capacity to act as 

both an electron acceptor and donor, iron has become the chosen metal for redox reactions in 

almost all biological processes ranging from respiration, to the TCA cycle, to DNA synthesis 

(43,44).  Iron is essential for the growth, survival, and well-being of almost all living 

organisms.   

Unfortunately, the evolution from an anaerobic to an aerobic environment on the earth’s 

surface, over the past 2 billion years, has resulted in the conversion of the previously 

available ferrous ion (Fe2+) iron to the oxidized ferric form (Fe3+), which is highly insoluble 

in aqueous solution (10-18 M at pH 7.0) and thus unavailable to most organisms (43-45).  On 

the other hand, free iron within the cell can catalyze the conversion of hydrogen peroxide to 

free radicals, which can cause cellular damage leading to cell death and ultimately organ 

failure (43,46,47). Surplus iron has been associated with various human disease states such 

as cardiovascular and neurodegenerative diseases (48).  As a result of both problems, all 

organisms ranging from simple microbes to multicellular mammals have developed complex 

mechanisms for acquiring, storing, and regulating the levels of iron in vivo. 

2.2 Dietary Intake of Iron 

Adults possess roughly 4-5g of total iron (49).  Approximately 60-70% of the iron pool is 

incorporated into hemoglobin, as part of the heme prosthetic group, in circulating 

erythrocytes.  The heme prosthetic group reversibly binds oxygen allowing transport of 

oxygen from the respiratory organs to peripheral tissues.  Other metalloproteins such as 

myoglobin and the enzyme aconitase account for an additional 10-15% of total iron stores 
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(50-52).  The majority of the remaining iron is stored in the form of ferritin, with less then 

1% in the form of transferrin/lactoferrin (Figure 2.1A) (50,53).  Ferritin is an iron storage 

protein found in all cell types.  It is formed from 24 identical or similar subunits forming a 

hollow sphere capable of storing 4,500 iron molecules as the mineral ferrihydrites (Fe2O3 * 

H2O) within the hollow center (54,55).  Transferrin is a blood plasma glycoprotein involved 

in the transport of iron throughout the body.  The the pH dependence of iron binding to 

transferrin is of importance.  At pH 7.4, transferrin has a high affinity for iron, however as 

pH decreases the binding affinity for iron decreases.  The significance of the pH dependence 

of iron binding will be explained below.  Lactoferrin is similar to transferrin but present in 

lymph and mucosal secretions (56). 

The limited iron removed through slothing of intestinal and mucosal cells is replenished 

through dietary absorption.  Dietary ferric iron is reduced by ferric reductase and transported 

into the proximal duodenum by the divalent metal transporter-1 (DMT1) where the ferrous 

iron will either be incorporated into metalloproteins for cellular processes, stored as ferritin, 

or transported out of the cell into the blood stream by ferroportin (FPN), oxidized by a 

ferrioxidase (hephasetin), and subsequently bound by transferrin for transport to peripheral 

cells via the blood stream.  Dietary heme is transported into the duodenum by heme carrier 

protein-1 (HCP1), where heme oxygenase catalyzes the degradation to ferrous iron, carbon 

dioxide and biliverdin.  Once reduced within the cell, the fate of ferrous iron derived from 

dietary heme follows the same pathway as described for dietary ferric iron.  Peripheral cells 

satisfy their iron requirements via circulating transferrin.  Upon binding, holo-transferrin 

uptake involves binding to the transferrin receptor.  The complex (transferrin/transferrin 

receptor) is internalized by the process of receptor-mediated endocytosis.  Once within the 
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Figure 2.1 

 Iron Distribution and Hemostatsis. (A) The normal distribution within the body is shown. 
Adults possess approximately 4-5g of total iron.  Approximately 60-70% of the iron pool is 
incorporated into hemoglobin, as part of the heme prosthetic group, in circulating 
erythrocytes. Other metalloproteins such as myoglobin and the enzyme aconitase account for 
an additional 10-15% of total iron store.  The majority of the remaining iron is stored in the 
form of ferritin, with less then 1% in the form of transferrin/lactoferrin.  (B)  Dietary ferric 
iron is reduced by ferric reductase and transported into the proximal duodenum by the DMT1 
where the ferrous iron will either be incorporated into metalloproteins for cellular processes, 
stored as ferritin, or transported out of the cell into the blood stream by FPN, oxidized by a 
ferrioxidase (hephasetin), and subsequently bound by transferrin for transport to peripheral 
cells via the blood stream in need of iron.  (C) In the target cells, holo-transferrin uptake 
involves binding to the transferrin receptor where the complex (transferrin/transferrin 
receptor) is internalized by the process of receptor-mediated endocytosis.  Once within the 
endosome, the decrease in pH facilitates iron removal from transferrin and the iron is 
transported into the cytoplasm by DMT1.  Apo-transferrin and the transferrin receptor are 
recycled to the cell surface where apo-transferrin is released.  (D) Circulating macrophages 
engulf senescent red blood cells.  Once within the phagosome, heme oxygenase catalyzes the 
degradation of heme to iron, carbon monoxide and biliverdin.  The iron is transported into 
the cytoplasm by DMT1.  Again, once within the cell, the iron can be stored as ferritin, used 
for cellular processes, or exported by FPN.  Within the blood stream, the ferrous iron is 
oxidized by ceruloplasmin, bound to transferrin and transported to peripheral cells.  
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endosome, the decrease in pH facilitates iron release from transferrin, and the iron is 

transported into the cytoplasm by DMT1.  Apo-transferrin and the transferrin receptor are 

recycled to the cell surface where apo-transferrin is released (49,57,58) (Figure 2.1B).  

  As very little iron is removed from the human body, the largest pool of iron stores is 

meticulously recycled through recycling of red blood cells by macrophages.  Circulating 

macrophages engulf senescent red blood cells.  Once within the phagosome, heme oxygenase 

catalyzes the degradation of heme to iron, carbon monoxide and biliverdin.  The iron is 

transported into the cytoplasm by DMT1.  Again, once within the cell, the iron can be stored 

as ferritin, used for cellular processes, or exported by FPN.  Within the blood stream, the 

ferrous iron is oxidized by ceruloplasmin, bound to transferrin and transported to peripheral 

cells. (Figure 2.1C).  Note, holo-transferrin binds to developing erythrocytes efficiently 

recycling the iron back into erythrocytes (49,57,58).   

2.3 Iron Homeostasis 

In humans, iron homeostasis is highly regulated (59).  Intracellular iron levels are monitored 

by two iron regulatory proteins (IRP1 and IRP2).  When iron levels are low within the cell, 

IRPs bind to iron regulatory element (IRE) sequences in mRNAs of iron regulated proteins 

such as ferritin and the transferrin receptor.  IREs are present at the 5’ and 3’ untranslated 

regions (UTR) of the mRNA and determine its fate.  When an IRP binds to an IRE located in 

the 3’ UTR, the mRNA is stabilized for translation.  In contrast, binding at the 5’ UTR 

inhibits translation.  For example in low iron conditions, IRPs bind to the 3’ UTR of the 

transferrin receptor thus stabilizing the mRNA of the transferrin receptor resulting in 

increased iron uptake.  In addition, binding of the 5’UTR of ferritin and inhibits the 
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expression of ferritin resulting in decreased iron storage.  In contrast, at high iron levels, 

IRPs do not bind to their IRE resulting in decreased iron uptake and increased iron storage 

(57).  

Iron concentrations within plasma are regulated by hepcidin.  Hepcidin is considered the 

master regulator of systemic iron homeostasis.  Hepcidin, a peptide hormone, is 

predominantly produced in the liver.  Hepcidin expression is influenced by both increased 

iron stores and inflammation by as of yet unknown mechanisms (60).  During periods of iron 

excess, hepcidin binds to FPN causing FPN to be internalized and degraded (61).  The 

degradation of FPN halts export of iron from all cells decreasing plasma iron concentrations.  

The degradation of FPN in the cells of the duodenum effectively blocks the delivery of 

dietary iron to plasma transferrin.  The short lived enterocytes are then shed into the intestine 

and removed from the body.    

 The misregulation of iron has drastic affects.   Individuals suffering from iron overload 

acquire iron deposit in various organs specifically the liver and heart.  The adverse redox 

chemistry of free iron leads to cellular damage resulting in liver damage and 

cardiomyopathy.  Iron overload also enhances risk of infection (49).  Mutations in both FPN 

and hepcidin and have been shown to cause iron overload (62,63). 

Iron deficiency anemia is estimated to have caused 273,000 deaths in 2004 with 800 million 

people affected by the disease.  Infants suffering from insufficient iron are at risk for delayed 

normal motor and mental functions (64-67).  Pregnant mothers with hypoferremia have an 

increase risk of low birth weight which is associated with other risk factors (68). 

 

16



2.4 Iron and Infection 

As noted, most life forms, even microbes, require iron to survive.  In response to infection, 

the limited amount of available iron in humans is thus further sequestered by biochemical 

possesses.  As mention above, hepcidin expression is induced in response to inflammation.  

Hepcidin causes the degradation of FPN leading to iron sequestration with the cell.  The iron 

loaded transferrin is rapidly depleted for erythrocyte production leaving very little iron 

available for bacteria.  Also transferrin is typically only 30% saturated with iron; thus ideally 

positioned to readily capture free iron making it inaccessible to invading pathogens (58).  

When the binding capacity of transferrin is exceeded, iron can be chelated by other low 

affinity iron binding proteins in the plasma such as albumin, citrate and amino acids (49). 

Neutrophils and macrophages also synthesize hepcidin in response to infectious agents, 

allowing modulation of iron availability at the infectious foci.  In addition, lipocalin-2 a 

protein expressed by myeloid and epithelial cells, has been shown to bind ferric-enterobactin 

with high affinity (69).  Enterobactin is a siderophore used by bacteria to acquire iron from 

their host (see below).  As excess iron has been shown to increase virulence of certain 

pathogens in vivo it is essential to limit free iron (53,70). 

2.5 Iron Acquisition by Bacteria  

Since the concentration of free iron (~10-24M) in mammals does not meet the concentration 

sufficient for growth (~10-6M), bacteria have evolved complex mechanisms for scavenging 

the necessary iron from their hosts (Figure 2.2) (44). One such mechanism involves the 

production of receptor proteins on the outer membrane of the bacteria.  These proteins bind 

host iron-binding proteins (transferrin/lactoferrin) with high affinity, extract the iron, and 
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Figure 2.2 

Bacterial Iron Acquisition Systems. (A) Bacteria synthesize and secrete a variety of 
siderophores.  These molecules are able to chelate iron with high affinity and are 
subsequently bound by high affinity transporters located in the outer membrane of the 
bacteria and transported into the bacterium.  (B) Bacteria secrete hemophores, molecules that 
are able to extract heme from hemoglobin and are subsequently transported into the 
bacterium by a hemophore transporter located in the outer membrane.  (C)  Finally, bacteria 
are able to express a variety of host receptors such as the transferrin receptor and thus are 
able to bind and transport transferrin into the bacterial cell.  
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transport the iron into the cell (71,72).  Tbp1 and Tbp2 from Neisseria species are known to 

bind host transferrin whereas LbpA and LbpB bind lactoferrin (73,74).  Another common 

mechanism is the secretion of a 19kDa protein, called a hemophore, that is able to extract 

heme from hemoglobin and transfer the heme group to an outer membrane receptor (HasR), 

which transports the heme into the bacterial cell (75).  Finally, many bacteria synthesize and 

secrete a variety of low molecular weight molecules (typically 500-1000 daltons) called 

siderophores that chelate iron with high affinity (43,44,76).  As described below, a complex 

energy-dependent Fe3+-siderophore uptake system then concentrates the ferric-siderophore 

inside the cell.  The importance of this method of iron acquisition is demonstrated by the 

decreased virulence both in vitro and in vivo of pathogens defective in siderophore transport 

(70,77).  The chemical structures of three of bacterial siderophores are shown in Figure 2.3. 

2.6 TonB Dependent Transport 

The size and the low concentration of ferric-siderophores prevent efficient passage through 

outer membrane porins (72).  To circumvent this obstacle, bacteria express protein receptors 

on the outer membrane to specifically bind the ferric-siderophore complex and to actively 

transport them into the cell. Several siderophore-mediated iron transporters from Escherichia 

coli outer membranes have been identified and studied from a structural perspective 

(19,32,78). Crystal structures of FhuA, FecA, Cir and FepA have been determined, the 

former two with ligand bound (Figure 2.4) (78).  The proteins show a remarkable structural 

homology (65). All possess a β -barrel topology formed from 22 anti-parallel β -strands 

connected by short periplasmic turns and long extracellular loops (L1-L11) with a globular 

plug domain (42,78). The plug domain is situated in the center of the β-barrel and is 

comprised of five α -helices, two β -strands and a mixed four-stranded β -sheet.  Above and 
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Figure 2.3 

Common siderophore structures: (A) Enterobactin, (B) Citrate, and (C) Ferrichrome. 
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Figure 2.4 

Siderophore transporter structures from E.coli; (A)  FhuA (1BY5) (154) , (B)  FecA (1KMP) 
(164) and (C) FepA (1FEP) (153).  The three transporters show a considerable structural 
homology.  The plug domain is presented separately for clarity.  Note a structural alignment 
between the individual plug domain is presented with only the mixed β-sheet shown as loop 
length and placement varies.  It has been suggested that the conserved motifs within the plug 
domain are responsible for the precise arrangement/location of the mixed β -sheet and thus 
the substrate binding loops contributed by the plug domain. 



FecA (1KMP)FhuA (1BY5) FepA (1FEP)
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below the mixed four-stranded β -sheet is the extracellular and periplasmic space 

respectively.  Three substrate binding loops (SB1, SB2 and SB3) located within the plug 

domain extend from the mixed four-stranded β-sheet towards the extracellular solution.  The 

positioning of the plug domain prevents the direct transport of ferric-siderophore from the 

extracellular environment into the periplasm.   The N-termini of these proteins (located on 

the plug domain) all possess a conserved region, called a TonB box, that has been implicated 

in energy-dependent ferric-siderophore transport (79).   

Although there is high structural homology, overall sequence identity is low (Figue 2.4).  Of 

note, the plug domain has the highest level of sequence identity when taken as an isolated 

domain.  The conserved motifs located in the plug-barrel interface have been suggested to be 

necessary for proper folding and positioning of the plug domain within the barrel (80).  The 

position of the plug relative to the barrel is critical for ligand binding as residues involved in 

ligand binding have been located on the substrate binding loops of the plug and loops of the 

barrel (see below).  

The structures of the ligand bound FhuA and FecA provide information regarding the 

binding pockets and thus molecular determinants of binding (Figure 2.5).  Both the plug and 

barrel domain contribute residues to binding of the ligands.  FhuA binds ferrichrome within a 

pocket lined by aromatic residues (Y116, Y244 and Y315).  A positively charged arginine 

residue (R81) on substrate binding loop 2 is also involved.  FecA binds the negatively 

charged ferric citrate using several positively charge arginine residues (R155, R365 and 

R380).  While the ligand bound structure of FepA was unresolved, extensive biochemical 

analysis has identified four conserved residues (Y260, Y272, F329 add R316) that are 

required for the binding/transport of ferric-enterobactin to/by FepA (81).  The consensus 
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Figure 2.5 

Binding of Ligand to (A) FhuA (1BY5) (154) and FecA (1KMP) (164) (B).  The binding of 
ferrichrome by FhuA is facilitated by the formation of an aromatic cage by surrounding 
aromatic residues.  FecA binds the negative ferric-citrate using multiple arginine residues.  
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currently is a 2 step binding process, the first step involves “catching” of the ligand by the 

loop extremities which are thought to determine ligand specificity.  This hypothesis is 

supported by experiments where chimeras of FepA and FhuA showed that the ability to 

discriminate between siderophores is determined by residues located within the barrel 

domain.  The FepA barrel/FhuA plug chimera transports enterobactin and the FhuA 

barrel/FepA plug transports ferrichrome (82).  Plug deletion mutants of both FhuA and FepA 

maintain a subnanomolar affinity further supporting the role of barrel residues in ligand 

specificity (82).  In agreement, the affinity of isolated plug domain of FepA for enterobactin 

is reduced 100 fold compared to the full length protein (83).  Once bound at the loop 

extremities, the ligand is “passed” to the secondary binding site closer the center of the 

barrel.   

Binding of the ferric-siderophore is proposed to cause a conformational change in the N-

terminal extension of the transporter permitting a physical interaction between the TonB box 

and a protein complex situated in the cytoplasmic membrane (84-87). This protein complex 

is thought to be composed of 3 proteins called TonB, ExbB and ExbD (84,88-95).  In the 

bound state, the physical interaction between the TonB box and the TonB protein leads to a 

transduction of energy from the cytoplasmic membrane through the TonB complex to the 

siderophore-mediated iron transporter in the outer membrane (93,94,96-99).  The energy, 

thought to derive from the proton motive force, triggers the conformational change in the 

siderophore-mediated iron transporter allowing the transport of the ferric-siderophore into 

the periplasm (96-98).  Once within the periplasm, the ferric-siderophore is guided by a 

periplasmic binding protein to an inner membrane ATP binding cassette transporter and 

moved directly into the cell (Figure 2.6) (43).    
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Figure 2.6 

TonB Dependent Transport.  Ferric-siderophores bind to high affinity TonB dependent 
transporter located in the outer membrane.  Upon binding, a conformation change occurs in 
the N-terminus of the TonB dependent transporter allowing the physical interaction with the 
TonB complex located in the periplasmic membrane.  The physical interaction allows the 
transduction of energy, via the proton motive force, to the TonB dependent transport 
providing the energy to facilitate a conformation change in the plug domain allowing 
transport of the ferric-siderophore into the periplasm.   The ferric siderophore is then bound 
by a periplasmic binding protein and transported to an ATP-Binding Cassette (ABC) and 
subsequently transported into the cell.    
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Despite the high resolution structural information and the extensive biochemical data, there 

are a number of fundamental questions that have yet to be answered.  For example, the 

conformational changes required for the transport of the ferric-siderophore into the periplasm 

have not been elucidated.  There are two common theories for the mechanism of transport 

though the siderophore-mediated iron transporter. One involves the complete displacement 

of the plug domain into the periplasmic space allowing transport of the ferric siderophore 

(100).  The plug domain could be removed, intact, as a globular domain or it could become 

unfolded.  The other prominent theory is that side chains are shifted creating a “channel” for 

the ferric-siderophore to travel though to the periplasm (100).  Conflicting evidence has been 

reported (101-104).  Cysteine mutants of FepA reacted with fluorescien maleimide or biotin 

maleimide upon transport suggests the partial removal of the plug domain from the barrel 

(102,105).  However, others have found that removal of the plug is not needed for transport 

(106).  Disulfide tethering of the cork to the barrel was not sufficient to halt ferrichrome 

uptake by FhuA suggesting the plug domain is not expelled from the interior of the barrel 

supporting the formation of a channel (104).  The contradictory results may be explained by 

different labeling reagents, different bacterial strains or different concentrations (107).  The 

plug domain can be expressed as a separate domain where unfolding is reversible with a 

reduced affinity for ligand (83,108,109).  This supports the hypothesis that the plug domain 

unfolds as it leaves the barrel lowering the apparent affinity for the siderophore and 

permitting release into the periplasmic space.  Also, the energy required for the 

conformational change is thought to originate from the proton motive force but how the 

energy is transferred from the cytoplasmic membrane to the outer membrane is unclear. 

However, recent studies suggest TonB undergoes constant motion, driven by an 

electrochemical force which drives enterobactin transport (110).  

26



 

2.7 Food borne pathogens and Campylobacter jejuni 

Food borne pathogens cause approximately 11 million disease episodes per year in Canada 

(111).   In Ontario, there are approximately 1.2 episodes of acute gastrointestinal illness per 

person per year (112).  These episodes incur an estimated cost of 3.7 billion dollars in lost 

productivity and other associated costs (113).   Campylobacteriosis is one of the most 

prevalent causes of gastrointestinal illness in the United States (114). Campylobacter jejuni 

accounts for 90% of disease episodes caused by Campylobacteriosis in a case study of 3,764 

patients (115).   Therefore, the successful targeting of Campylobacter species would be 

extremely valuable to the medical community for the successful reduction of food borne 

disease episodes.  

Campylobacter jejuni is a gram-negative microaerophilic rod shaped bacteria.  Avian species 

provide a reservoir for C.jejuni as the bacteria are unable to elicit an immune response.  As 

contamination of poultry meat can occur during processing, proper precaution during food 

preparation, must be adhered to as human infection can be established by the consumption of 

only a few hundred bacterial cells (116,117).   C. jejuni infection manifests as dysentery and 

general malaise (118).  Although, C. jejuni is typically self-limiting it is still a considerable 

strain on hospital personnel time and hospital funding.  C. jejuni infection has also been 

linked to Guillain-Barré syndrome (GBS).  GBS is an acute neurologic disease driven by 

autoimmunity and molecular mimicry in which the body elicits an immune response against 

peripheral nerve myelin (119).  The disease manifests as muscle weakness with the potential 

to lead to partial/complete paralysis and death (120).    The global occurrence of GBS ranges 
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from 0.4 to 1.7 cases per 100,000 people annually (121).  Approximately, one case of GBS 

develops for every 1000 colonization events by C. jejuni (122).    In a systematic review of 

published cases between 1982 to 2010, 31% of 2,502 GBS cases were attributable to prior 

Campylobacteriosis infection (119).   The occurrence of GBS will not be eliminated with the 

successful avoidance of Campylobacteriosis infection; however, the number of cases per 

annum will decrease.  

2.8 TonB Dependent Transport in Campylobacter jejuni 

Although the mechanisms used by C. jejuni to scavenge iron appear complex, considerable 

evidence suggests that this microorganism uses a siderophore-mediated transport 

mechanism.  Several strains of C. jejuni are able to utilize ferric-enterobactin as an iron 

source (123,124).  A number of C. jejuni gene sequences have been identified, which encode 

proteins with significant sequence similarity to proteins in the Campylobacter coli 

siderophore transport system (125,126).  Most of the corresponding gene sequences have an 

upstream ferric uptake regulator (Fur) box. Fur acts as a negative co-repressor during 

transcription of iron transport genes (126).  Binding of Fur to the promoter of some of these 

genes in C. jejuni has been shown directly using mobility shift assays (127,128).  Conditions 

of iron starvation in C. jejuni lead to the overexpression of a 76 kDa outer membrane protein, 

now called the Campylobacter ferric receptor (CfrA).  CfrA has considerable sequence 

similarity with Bordetella bronchiseptica receptor (BfrA), a siderophore-mediated iron 

transporter in Bordetella bronchiseptica (123,129).  In growth plate studies, cfrA deletion 

mutants are incapable of utilizing enterobactin as an iron source (126).  Significantly, 

deletion mutants of cfrA are unable to establish a successful infection in chick colonization 
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assays (126).  Inhibitors of CfrA function should thus be effective at treating C.jejuni 

infection.   

The inability to establish a successful colonization by deletion mutants of cfrA identifies 

CfrA as an attractive potential therapeutic target.  A successful therapeutic, however, would 

have to selectively target CfrA, while not harming the endogenous microflora.  Therefore I 

set out to structurally characterize CfrA to investigate the molecular determinates of binding 

for the use as a potential therapeutic.	  
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3 MANUSCRIPT: 

1.  Casey L. Carswell, Marc D. Rigden and John E. Baenziger. (2008) Expression, 
purification, and structural characterization of CfrA, a putative iron transporter from 
Campylobacter jejuni.  J. Bacteriol. 190(16), 5650-5662.  
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3.1 Preface 

This manuscript is the first of three first author publications presented in this thesis.  

Originally published in the Journal of Bacteriology in June 2008, this paper is my first 

publication.    The goal of this work was to perform a preliminary biophysical 

characterization of CfrA with the hypothesis that CfrA was sufficiently different from other 

TBDT and could be specifically targeted as a therapeutic.   

I initiated and performed all the experiments presented in this manuscript.  The initial 

cloning of the CfrA constructs was done under the supervision of Marc Rigden.  I wrote the 

manuscript in collaboration with my supervisor. 
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3.2 Abstract 

The gene for the Campylobacter ferric receptor (CfrA), a siderophore-mediated iron 

transporter in the enteric food-borne pathogen, C. jejuni, was cloned and the membrane 

protein expressed in E. coli, affinity purified, and then reconstituted into model lipid 

membranes.  FTIR spectra recorded from the membrane-reconstituted CfrA are similar to 

spectra that have been recorded from other siderophore-mediated iron transporters and are 

highly characteristic of a β -sheet protein (~44 % β -sheet and ~10 % α -helix).  CfrA 

undergoes relatively extensive peptide hydrogen-deuterium exchange upon exposure to 2H2O 

yet is resistant to thermal denaturation at temperatures up to 95 °C.  The secondary structure, 

relatively high aqueous solvent exposure, and high thermal stability are all consistent with a 

transmembrane β-barrel structure containing a plug domain.  Sequence alignments indicate 

that CfrA contains many of the structural motifs conserved in other siderophore-mediated 

iron transporters, including the Ton box, PGV, IRG, RP, and LIDG motifs of the plug 

domain.  Surprisingly, a homology model reveals that regions of CfrA that are expected to 

play a role in enterobactin binding exhibit sequences that differ substantially from the 

sequences of the corresponding regions that play an essential role in binding/transport by the 

E. coli enterobactin transporter, FepA.  The sequence variations suggest that there are 

differences in the mechanisms used by CfrA and FepA to interact with bacterial 

siderophores.  It may be possible to exploit these structural differences to develop CfrA-

specific therapeutics. 
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3.3 Introduction  

Campylobacter jejuni is a gram negative food-borne pathogen that commonly populates the 

gastrointestinal tract of  birds and mammals.  In humans, C. jejuni infection  leads to severe 

abdominal cramping, headache, diarrhea and in extreme cases death (130,131).  C. jejuni 

infects 1% of the United States population annually.  Of those affected, 0.1% of the patients 

develop Guillian Barré syndrome - an autoimmune disorder of the peripheral nervous system 

that results in weakening of muscles and, in some cases, neurological problems (132-134).  

Both C. jejuni infection and Guillian Barré syndrome are a considerable burden on the public 

health care system (132,134).  

Most bacteria, including C. jejuni, have an obligatory requirement for iron and have thus 

developed sophisticated mechanisms for scavenging iron from their hosts (129).  One key 

mechanism involves the production of low molecular weight molecules (500-1000 Da), 

called siderophores, that bind ferric ions with high affinity (43,76).  Secreted siderophores 

chelate iron from surrounding tissues and are then bound to siderophore-mediated iron 

receptors/transporters located in the bacterial outer-membrane. An energy dependent TonB-

mediated conformational change in the ferric-siderophore transporter translocates the ferric-

siderophore into the periplasm.  Periplasmic binding proteins then transport the iron-bound  

siderophore to an inner membrane ATP binding cassette transporter that moves the iron-

bound siderophore directly into the cell (43,72,78,135,136).   

Although the mechanisms used by C. jejuni to scavenge iron appear complex, considerable 

evidence suggests that this microorganism uses a siderophore-mediated transport 

mechanism.  Several strains of C. jejuni are able to utilize ferric-enterobactin as an iron 

source (123,124).  A number of C. jejuni gene sequences have been identified, which encode 
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proteins with significant sequence similarity to proteins in the Campylobacter coli 

siderophore transport system (125,126).  Most of the corresponding gene sequences have an 

upstream Fur box. Fur acts as a negative co-repressor during transcription of iron transport 

genes (126).  Binding of Fur to the promoter of some of these genes in C. jejuni has been 

shown directly using mobility shift assays (127,128).     

Conditions of iron starvation in C. jejuni lead to the overexpression of a 76 kDa outer 

membrane protein, now called the Campylobacter ferric receptor (CfrA).  CfrA has 

considerable sequence similarity with BfrA, a siderophore-mediated iron transporter in 

Bordetella bronchiseptica (123,129).  In growth plate studies, cfrA deletion mutants are 

incapable of utilizing enterobactin as an iron source (126).  Deletion mutants of cfrA  are also 

unable to establish a successful infection in chick colonization assays (126).  Consequently, 

CfrA has been reannotated as the ferric-enterobactin transporter in C. jejuni.   

Several siderophore-mediated iron transporters from Escherichia coli outer membranes have 

been studied from a structural perspective (19,32,78).  Crystal structures of FhuA, FecA, 

FepA and Cir have been determined to high resolution.  The proteins all possess a β-barrel 

topology with a plug domain that is implicated in siderophore binding and transport (42,78). 

The plug domain is situated in the middle of the β-barrel and prevents the direct transport of 

the iron loaded siderophore from the extracellular environment into the periplasm.  Despite 

the high resolution structural information, the mechanism of transport by siderophore-

mediated iron transporters across the membrane remains to be established.  One limiting 

factor has been the lack of efficient protocols for reconstituting the siderophore-mediated 

transporters and their associated proteins into model membrane systems that are amenable to 

biochemical and biophysical studies.  
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Given the prevalence and potentially severe consequences of C. jejuni infection, the outer 

membrane siderophore receptor/transporter CfrA is a potential therapeutic target.  As a first 

step towards better understanding the role played by CfrA in iron transport in C. jejuni, we 

cloned the cfrA gene from chromosomal DNA and present here a protocol for the expression, 

purification and reconstitution of CfrA into model membranes.  The membrane reconstituted 

CfrA adopts an overall β-sheet secondary structure that is accessible to aqueous solvent, yet 

highly resistant to thermal denaturation.  The structural/biophysical properties of CfrA are 

consistent with those of other siderophore-mediated iron transporters.  Sequence alignments 

and a homology model of CfrA also show that CfrA contains many of the conserved 

structural motifs/sequences found in other siderophore-mediated iron transporters.  

Surprisingly, regions of the protein that are predicted to play a role in ferric enterobactin 

binding exhibit variations in sequence relative to other siderophore-mediated iron 

transporters including the ferric-enterobactin transporter, FepA.  In fact, key aromatic 

residues known to play an important role in ferric-enterobactin binding/transport in FepA are 

absent in CfrA.  The homology model and sequence comparisons suggest that FepA and 

CfrA use different mechanisms to interact with ferric-enterobactin.  The altered sequences of 

the binding sites suggest that it may be possible to exploit structural differences between 

CfrA and FepA to develop CfrA-specific therapeutics.    
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3.4 Experimental Procedures 

3.4.1 Construction of the cfrA plasmid.  The cfrA gene was amplified from Campylobacter 

jejuni chromosomal DNA (NCTC 11168) using PCR with the primers listed in Table 3.1.  

PCR reactions were performed in an Eppendorf Mastercycler Gradient (Eppendorf) with 30 

cycles of 95 oC for 30 seconds, 45 oC for 30 seconds and 72 oC for 2.5 minutes.  PCR 

products were ligated into the pET20b vector (Novagen).  The ligation mixture was 

transformed into chemically competent Escherichia coli XL1-Blue without further 

manipulation.  Resulting transformants were screened for plasmids of appropriate size.  

Inserts were sequenced to ensure gene integrity.  The final plasmid used in these studies was 

designated pCN10 (CfrA N-terminal 10-His-tagged).   

3.4.2 Protein Expression.  Chemically competent E. coli strain C41 (DE3) was transformed 

with pCN10 and grown on Luria Bertani (LB) plates (137).  Following overnight incubation, 

single colonies were subcultured into 50 mL of LB medium supplemented with 100 µg/mL 

ampicillin (LB-Amp100 Shelton Scientific) and incubated for 18 hours at 37 °C.  Cultures 

were then diluted 1:300 into 16 L of fresh LB-Amp100 and incubated at 37 °C.   Protein 

expression was induced at an OD600 of 0.6 by addition of isopropyl-β-D-

thiogalatopyranoside (IPTG, MBI Fermentas) to a final concentration of 0.2 mM.  After 

three hours at 26 °C, cultures were pelleted and cells resuspended in 100 mL of lysis buffer 

(300 mM NaCl, 50 mM NaH2PO4, pH 7.0).  Cells were frozen until use. 

3.4.3 Protein Purification.  The resuspended cells were incubated for 1 hour at 4 °C in lysis 

buffer containing 2 mM tris (carboxyethyl) phosphine (TCEP), 1 µg/mL Leupeptin, 1 µg/mL 
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Table 3.1. Primer sequences designed for construction of CC6, CN6, CC8 and CN10 CfrA 
constructs

. 

Enzyme cleavage sites for cloning purposes are underlined.  

Primer Names Primer Sequences 

CfrA-5-Bam-10-His GCGCGGATCCGCACCACCACCACCACCACCCACCACCACCACGAC

GACGACGACAAGCAAAATGTAGAACTAGATAGC 

CfrA-3-Xho-10H-NS GCGCCTCGAGGTGGTGGTGGTGCTTGTCGTCGTCGTCAAAGTTAC

CATTGATAG 

CfrA-5-Bam-8-His GCGCGGATCCGCACCACCACCACCACCACCACCACGACGACGAC

GACAAGCAAAATGTAGAACTAGATAGC 

CfrA-3-Xho-8H-NS GCGCCTCGAGGTGGTGCTTGTCGTCGTCGTCAAAGTTACCATTGA

TAG 

CfrA-5-Bam-His GCGCGGATCCGCACCACCACCACCACCACAAAATGTAGAACTAG

ATAGC 

CfrA-3-Xho-H-NS GCGCCTCGAGAAAGTTACCATTGATAG 

CfrA-C-Bam-5 GCGCGGATCCGCAAAATGTAGAACTAGATAGC

CfrA-N-Xho-3NS GCGCCTCGAGTTAAAAGTTACCATTGATAG

Abbreviations used: CC6, CfrA with a C-terminal 6-histidine-tag; CN6, CfrA with a N-terminal 6-
histidine-tag; CC8, CfrA with a C- terminal 6-histidine-tag; CN10, CfrA with a N- terminal 10-histidine-
tag. 

1
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Aprotinin, 1 µg/mL Soybean trypsin inhibitor (STI),  1 mM Benzamidine (All from 

Calbiochem), 1 mM Phenylmethansulphonylfluoride (PMSF) (Sigma), 100 µg/mL 

Lysozyme (Sigma), 10 mM β- mercaptoethanol (Sigma) and 30 µg/mL DNase (Roche) and 

then lysed with 3 passes through an Emulsiflex C3 (Avestin, Inc) at 18,000 psi. The cell 

extract was centrifuged at 7,000 xg for 20 minutes at 4 °C to remove the non-lysed cells and 

the membrane protein fraction isolated by centrifugation at 135,000 xg.  Membrane fraction 

protein concentration was determined by BCA protein assay (Pierce).   

Membrane proteins were solubilized by incubating 1 g of the membrane protein for 1 hour at 

4 °C in lysis buffer containing 1% (w/v) n-dodecyl-β-D- maltoside (DDM, Anatrace), 2 mM 

TCEP, and 10 mM β-mercaptoethanol.  After centrifugation at 100,000 xg, the solubilized 

protein in the supernatant was incubated for 1 hour at 4 °C with Superflow cobalt based resin 

(Clontech). The resin was transferred to a glass column and non specifically bound protein 

was removed with 3 buffer washes (3 column volumes each) with increasing imidazole 

concentration (0, 10 mM, 50 mM imidazole) (Sigma) in lysis buffer supplemented with 

0.075 % (w/v) DDM.  Protein was eluted from the resin in 150 mM imidazole, 300 mM 

NaCl, 50 mM NaH2PO4, and 0.075 % (w/v) DDM at pH 7.0.  Protein fractions were 

concentrated using a Centricon 30,000 Dalton cutoff concentrator (Millipore) and then 

further purified on a Superdex-200 gel filtration column (GE health care) equilibrated with 

lysis buffer supplemented with 2 mM TCEP, 10 mM β-mercaptoethanol and 0.07 5% (w/v) 

DDM.   

The purified CfrA was reconstituted into a lipid membrane by diluting the solubilized protein 

1:20 into a solution containing 0.13 µM soybean asolectin (Sigma) and 1% (w/v) sodium 

cholate (Sigma) in lysis buffer.  After mixing for 5 minutes, the dilute solution was placed in 

dialysis tubing (12, 000 - 14, 000 Dalton cutoff; Fisher) and the samples dialyzed 5 times 

38



against 2 L of lysis buffer at 4 °C.  The reconstituted vesicles were pelleted at 100,000 xg 

and resuspended in 5 mM Tris-HCl, 0.02 % (w/v) azide at pH 7.5 (Sigma) and stored at -

80°C. 

3.4.4 Sucrose Gradients.  Step sucrose gradients were prepared by layering 2 ml each of 40 

% (w/v), 20 % (w/v), 10 % (w/v) and 3 ml of 0 % (w/v) sucrose in a plastic centrifuge tube. 

150 µg of protein was pipetted directly into the 0 % (w/v) sucrose.  The sample was 

centrifuged for 20 hours at 100,000 xg.  Fractions were assayed for both protein (BCA assay, 

Pierce) and lipid (Phospholipids C, Wako Chemicals) to determine lipid to protein ratios. 

3.4.5 FTIR Spectroscopy.  Transmission FTIR spectra were recorded on either a FTS 40 or 

a FTS 7000 spectrometer (Varian) both equipped with a deuterated triglycine sulphate 

detector.  For the analysis of protein secondary structure, 200 µg of the protein was 

exchanged into 2 mM 2H2O phosphate buffer, pH 7.0, by repeated centrifugation, 

resuspension cycles.  After 72 hours at 4 oC, the samples were pelleted and redissolved in 35 

µl of 2 mM 2H2O phosphate buffer pH 7.0 and subjected to five freeze-thaw cycles.  Each 

sample was then sandwiched between 2 CaF2 windows separated by a 12 µm Teflon spacer 

and placed in a thermostatically controlled FTIR transmission cell (Harrick Scientific).  

Spectra were recorded at 2.0 cm-1 resolution signal averaging 4000 scans.  For thermal 

denaturation, 256 scan spectra were recorded at 2°C temperature intervals between 35 °C and 

95 °C. The temperature was varied with a computer-controlled circulating water bath, with 

20 minute equilibrations between temperatures.    

The extent of hydrogen-deuterium exchange after 72 hours in 2H2O was assessed by 

recording FTIR spectra using the attenuated total reflectance technique.  The reconstituted 

samples were deposited from 2mM 2H2O pH 7.0 buffer on a germanium internal reflection 
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optical element, and the sample immersed in 100 mM NaCl and 5 mM NaH2PO4 
2H2O buffer 

(see Results).  All spectra were analyzed using Grams/AI v.7.01 (Galactic) and plotted using 

Graphpad Prism (Graphpad Software, Inc).    

3.4.6 Homology Model.  The homology model was constructed using Swiss-Model (138).  

The plug and β-barrel domains were modelled independently using Cir and FepA, 

respectively, as templates (see text).  Collectively the two domains represent a full length 

model of CfrA.  The majority (95%) of the ϕ and φ angles of the model are found in 

favourable regions of the Ramachradran plot, with proline and glycine making up most of the 

remaining 5%.  
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3.5 Results  

3.5.1 Expression, purification, and membrane reconstitution of CfrA.  The cfrA gene was 

cloned from the chromosomal DNA of C. jejuni (NCTC 11168) and constructs containing 

either a C-terminal 6-His or an N-terminal 6 His-tag were placed into the pET20b vector 

under the control of the T7 promoter.  The IPTG-induced expression of both proteins was 

monitored in E. coli strains C41 and C43, which are less sensitive to the expression of toxic 

proteins and recommended for the expression of membrane proteins (137).  In 3 hour 

expression trials, the C41 strain produced higher levels of both the C-terminal and N-

terminal 6-His-tagged proteins than the C43 strain (data not shown).  All further expression 

studies were performed using the C41 strain.  

The effect of inducer (IPTG) concentration, over the range of 0.2 mM to 0.8 mM, on the 

expression of CfrA was examined.  Western blots probed using an anti-His antibody show 

that expression levels do not increase at concentrations above 0.2 mM IPTG (Figure 3.1A). 

In fact, a slight reduction in protein quantity is observed with increasing IPTG concentration, 

possibly due to a negative effect on cell viability. Also, the over expression of CfrA is 

accompanied by the production of degradation products during the 4 hour induction trials.  

To reduce degradation, both the N and C-terminal 6-His-tagged CfrA were expressed at 

lower induction temperatures of 26 °C and 18 °C (Figure 3.1B) (139).  Although the amount 

of degradation may be reduced at lower temperatures, the quantity of expressed protein 

diminishes substantially.  To balance the need for both quality and quantity, the remaining 

induction experiments and purification trials were performed with an induction temperature 

of 26 °C.  Note that the expressed CfrA is found associated with the pelleted membrane 
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Figure 3.1 

Expression of CfrA in E. coli strain C41.  Transformed C41 cells were grown at 37°C, and 
the expression of the N-terminal His6 CfrA examined under various induction conditions. 
(A) Representative Western blot probed with an anti-His antibody showing the expression of 
the N-terminal His6 CfrA at 0, 1, 2, 3, and 4 h after induction of expression in the presence 
of 0.2 and 0.8 mM IPTG. Expression was performed at 37°C.  (B) Western blot probed with 
an anti-His antibody comparing expression of His6 CfrA at 37, 26, and 18°C at time zero and 
3 h after induction.  (C) SDS-PAGE gel with Coomassie blue stain (upper panel) and a 
Western blot probed with an anti-His antibody (lower panel) showing expression at time zero 
and 3 h postinduction, as well as the cellular localization of CfrA. Lane 1, T = 0 h prior to 
induction; lane 2, T = 3 h postinduction; lane 3, SF (soluble fraction); and lane 4, MF 
(membrane fraction). 
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fraction (Figure 3.1C).  To purify CfrA, we first examined various detergents for their ability 

to solubilize the protein from its membrane environment.  Each detergent solubilization trial 

was performed at a concentration 1 % (w/v) above the critical micellar concentration (CMC) 

of the utilized detergent (140).  Of the seventeen detergents tested, nine were able to 

solubilize appreciable amounts of CfrA from the membrane fraction.  Unfortunately, a 

consistent maximum yield approaching only ~50 % of the total CfrA was obtained with all 9 

detergents (Figure 3.2A).  Increasing the detergent concentration and/or the solubilization 

time did not improve the quantity of solubilized protein (Figure 3.2B).  One possible 

explanation for the incomplete solubilization is that the non-solubilized protein is found in 

inclusion bodies, which pellet with the membrane fraction.  Consistent with this possibility, 

higher levels of solubilized protein were obtained using the denaturing agent guanidinium 

hydrocholoride as a “solubilizing” agent (data not shown).  Biochemical procedures 

commonly used to isolate proteins from inclusion bodies also led to improved isolation of 

CfrA (data not shown).  No further attempts were thus made to increase the yield of 

solubilized protein.   

The C-terminal and N-terminal 6-His constructs were purified using a cobalt affinity column 

followed by size exclusion chromatography on a Superdex 200 column.  Both the N- and C-

terminal 6-His-tagged proteins showed poor binding to the affinity column, possibly due to 

inaccessibility of the histidine tags.  A C-terminal 8-His-tagged construct was produced, but 

the improvement in binding to the affinity column was marginal.  We finally constructed an 

N-terminal 10-His-tagged version of CfrA with an enterokinase cleavage site. The extended 

tag greatly improved CfrA affinity for the cobalt column.  The expression and solubilization 

of the N-terminal 10-His-tagged version of CfrA were consistent with the results obtained 

with the 6-His-tagged version of the protein discussed above.  SDS-PAGE confirms that the 

43



 

Figure 3.2 

Solubilization of the N-terminal 6His CfrA. Membrane fractions, containing the expressed 
N-terminal 6His CfrA, were incubated with the noted detergent for 1 h at 4°C and then 
centrifuged at 100,000 × g. The supernatants, which contain the solubilized protein, were 
then analyzed by SDS-PAGE. (A) Western blot with anti-His antibody of soluble fractions 
from detergents successful in solubilizing CfrA from the membrane. Lane 1, sodium 
dodecanoyl sarcosinate; lane 2, anzergent 3-14; lane 3, fos mea-10; lane 4, fos-choline; lane 
5, cymal 5; lane 6, dodecyl maltoside; lane 7, decyl maltoside; lane 8, nonyl glucoside; lane 
9, octyl glucoside; lane 10, control showing sample prior to solubilization. (B) Western blot 
with anti-His antibody comparing the amount of CfrA solubilized with 1- and 2-h 
solubilization times at both 1 and 3% DDM. 
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affinity column followed by size exclusion chromatography is sufficient to purify a 10-His-

tagged protein with a molecular weight of 84 kDa, which is close to that expected for CfrA 

(76 kDa).  Mass spectrometry confirmed the identity of the purified CfrA (472 residues were 

sequenced from a total of 696 amino acids; Proteomics Resource Centre of the Ottawa 

Institute of Systems Biology).   

Note that a second band is observed in lane 6 and 7 on the SDS-PAGE gel running at a 

molecular weight of 73 kDa (Figure 3.3).  β -Barrel membrane proteins tend to be highly 

stable structures that are resistant to SDS denaturation (141,142).  A second band running at 

a lower molecular weight on SDS-PAGE gels has been observed with other β-barrel 

membrane proteins and has been attributed to protein that is not completely denatured by 

SDS (142).  Mass spectrometry confirms that the lower molecular weight protein has the 

expected sequence for CfrA (131 residues were sequenced from a total of 696 amino acids; 

Proteomics Resource Centre of the Ottawa Institute of Systems Biology).  More importantly, 

boiling the sample prior to SDS-PAGE eliminates the lower molecular weight component 

(Figure 3.3 lane 8 ) confirming that it is due to partially folded CfrA (141).   

CfrA was reconstituted into lipid membranes by first diluting the DDM-solubilized protein 

above the CMC for DDM with a buffered solution containing cholate-solubilized soybean 

asolectin lipids, and then dialyzing away both detergents with several buffer changes.  The 

dialysis protocol was sufficient to both decrease the two detergents to undetectable levels 

(data not shown; (143)) and form lipid vesicles with incorporated CfrA.  The reconstituted 

CfrA routinely contains two distinct populations of vesicles that vary in terms of the amount 

of incorporated protein (Figure 3.3B).   The lipid to protein ratios of the two vesicles 

populations were estimated by an enzymatic assay (see Experimental Procedures) to be 
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Figure 3.3 

Expression, purification, and reconstitution of N-terminal His10-tagged CfrA. (A) SDS-
PAGE with Coomassie blue staining showing protein purity at each step of the purification 
of CfrA. Lane 1, protein standards; lane 2, whole-cell lysis prior to induction; lane 3, whole-
cell lysis 3 h postinduction at 26°C; lane 4, membrane fraction; lane 5, detergent-solubilized 
protein; lane 6, affinity-purified CfrA; lane 7, affinity-purified CfrA after size-exclusion 
chromatography; lane 8, CfrA reconstituted into asolectin membranes. Note that only the 
sample in lane 8 was boiled prior to loading. (B) Sucrose density gradients were used to 
assess the reconstitution success of CfrA into asolectin lipids. A total of 150 µg of 
reconstituted CfrA was subjected to sucrose density gradients. Fractions of 400 µl were 
collected by pipetting, beginning with the least dense (fraction 1, 0% sucrose) to the most 
dense (fraction 28, 40% sucrose). Individual fractions were assayed for protein (red) and 
lipid (blue) concentration as described in Materials and Methods. 
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220:1 (mol:mol) and 20:1 (mol:mol), although the assay is specific for phosphatidylcholine 

and thus underestimates the total lipid content.  Phosphatidylcholine represents only 14-24 % 

of the total asolectin lipid (http://www.sigmaaddrich.com). The actual lipid to protein ratios 

of the two vesicle population were thus 900-1600:1 and 80-150:1 mol:mol, respectively.  The 

less dense higher lipid to protein ratio vesicles are lost (remain in the supernatant) upon 

centrifugation and resuspension in 2H2O (see below). 

3.5.2 Structural and Biophysical Characterization of CfrA.  Siderophore mediated iron 

transporters adopt a characteristic β-barrel structure with an N-terminal plug domain located 

within the lumen of the β-barrel.  Unlike α-helical transmembrane domain proteins, 

siderophore mediated iron transporters exhibit high thermal stability, yet are relatively 

accessible to aqueous solvent.  We used Fourier transform infrared (FTIR) spectroscopy to 

ascertain whether affinity purified and reconstituted CfrA exhibits the structural and 

biophysical properties characteristic of other siderophore mediated iron transporters.  For 

comparison purposes, we examined similar properties of an α-helical transmembrane domain 

protein, the nicotinic acetylcholine receptor (nAChR).   

FTIR spectra of the membrane-reconstituted CfrA recorded dried from 1H2O buffer and in 

2H2O buffer are presented in Figure 3.4A.  The spectra exhibit intense lipid vibrations 

centered near 1740 cm-1 and 1450 cm-1, as well as intense protein vibrations between 1700 

cm-1  and 1600 cm-1 and centered near 1545 cm-1 (1H2O) or 1450 cm-1 (2H2O).  The relative 

intensities of the lipid vibrations are much higher in spectra recorded in 1H2O than in 2H2O, 

as the centrifugation/resuspension cycles used to exchange the membranes into the denser 

2H2O buffer isolates the lower lipid:protein ratio and thus higher density vesicles. We 

estimated the lipid to protein molar ratio of the vesicles isolated in 2H2O using FTIR to be 
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Figure 3.4 

FTIR spectra of CfrA recorded in 1H2O (solid line) and 2H2O (dashed line) buffer. The 1H2O 
spectrum was recorded after evaporating the bulk solvent under nitrogen. The spectrum of 
CfrA in 2H2O was recorded after prior exposure of CfrA to 2H2O buffer for 72 h at 4°C. The 
absorbance of 2H2O has been subtracted. Lipid vibrations are labeled at 1,740 cm−1 and 1,450 
cm−1. Protein amide I vibrations due to peptides in β-sheet secondary structures are labeled at 
1,695 cm−1 and 1,629 cm−1. The protein amide II vibration near 1,540 cm−1 undergoes a 
downshift in frequency upon peptide 1H/2H exchange to overlap with the lipid vibrations near 
1,450 cm−1. Spectra are each an average of 4,000 scans. Spectra were baseline corrected 
between 1,775 cm−1 and 1,350 cm−1 and normalized for presentation according to the 
intensities of the amide I band. The inset shows three representative amide I band contours, 
each recorded from separate expressions or purifications of CfrA. 
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roughly 200:1 (143). This value is close to the lipid to protein ratio of the higher density 

CfrA vesicles isolated using the sucrose gradients (80-150:1), as judged by our enzymatic 

phospholipid c assay.  

The secondary structure of CfrA was estimated by analyzing the protein amide I band (1600-

1700cm-1), which is due to the C=O stretching vibrations of the polypeptide backbone 

coupled to both N-H in-plane bending and C-N stretching (144). The band undergoes little 

change in shape upon exchange of peptide hydrogens for deuterium suggesting that a 

relatively small proportion of the peptides in CfrA form random/loop structures (144).  In 

2H2O, the band is broad and asymmetric with a maximum near 1629 cm-1 and a weaker 

shoulder near 1695 cm-1, both features are highly characteristic of predominantly β-sheet 

proteins, in general, and siderophore-mediated iron transporters, in particular (87,144).  The 

reproducibility of the amide I band shape is displayed in Figure 3.4B for 3 independent 

reconstitutions.  In contrast, α-helical proteins give rise to symmetric amide I band shapes 

with a maximum located near 1650 cm-1 (144).   

Resolution enhancement reveals the component bands that contribute to the broad amide I 

contour.  Peaks identified from the deconvolved spectrum were used as input to curve fit the 

amide I contour and thus estimate the secondary structure of CfrA, as shown in Figure 3.5 

(145).  The validity of the curve fit was assessed by comparing the resolution enhanced curve 

fit spectrum with the experimental resolution-enhanced data (Figure 3.5B). Both the 

predicted β-sheet and α-helical contents of CfrA, ~ 44 % and ~ 8 %, respectively (Table 3.2), 

are remarkably close to the known β -sheet and α-helical contents of similar siderophore-

mediated iron transporters FhuA, FecA, and FepA (~ 48 % and ~ 6 %, respectively) 

(78,146).  The remaining amide I component bands have been attributed to unordered 
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Figure 3.5 
 

Resolution-enhanced and curve fit of the amide I band in the FTIR spectra of CfrA. (A) 
FTIR spectrum of CfrA in 2H2O (upper solid line) superimposed with the curve fit analysis 
(circles). Peaks identified from the resolution-enhanced spectrum (lower solid trace) were 
used as component bands for curve fitting and thus estimation of the secondary structure 
content. Spectra were baseline corrected between 1,775 cm−1 and 1,325 cm−1. Resolution-
enhanced spectral deconvolution parameters of γ of 8 and smoothing of 75% were used. (B) 
FTIR spectra of the amide I band of the resolution-enhanced experimental spectrum (solid 
line) and the resolution-enhanced curve fit spectrum (dashed line). 
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structures and 310 helices, according to the band assignments of Jackson and Mantsch (146) 

and Goormaghtigh et al (147) , although the assignment of weak amide I component bands 

to specific types of secondary structures is often problematic (148).  

Integral membrane proteins tend to be resistant to peptide hydrogen deuterium exchange.  In 

many cases, the number of unexchanged peptide hydrogens remaining after prolonged 

exposure to 2H2O correlates with the proportion of residues that resides within the 

hydrophobic environment of the lipid bilayer (149).  The amide II band, which is due to in-

plane N-1H bending coupled to C-N stretching, undergoes a substantial downshift in 

frequency from 1545 cm-1 to 1450 cm-1 upon exchange of peptide N-1H for N-2H.   The 

relative intensity at 1545 cm-1 thus provides a measure of the extent of peptide hydrogen to 

deuterium exchange.   

The aqueous solvent accessibility of CfrA was assessed by comparing the extent of peptide 

1H/2H exchange in CfrA after precisely 72 hours of exposure to 2H2O to that of the α-helical 

transmembrane domain protein, the nicotinic acetylcholine receptor (nAChR).   

The extent of peptide 1H/2H exchange in CfrA after 72 hours exposure to 2H2O at 4°C was 

measured by comparing the residual amide II band area to the amide II band areas in spectra 

recorded dried from 1H2O (100% N–1H) and in 2H2O after boiling in 2H2O for 10 minutes  

(i.e. 100% N-2H).  Spectra were initially compared at both pH 7.0 (data not shown) and, from 

the same samples, at pH 2.0, by exchanging buffer in the FTIR sample accessory.  The pH 

2.0 spectra are presented in Figure 3.6 because the overlapping vibrations of carboxylic acid 

side chains (Asp and Glu) shift from near 1580 cm-1 (deprotonated, at pH 7.0) to near 1720 

cm-1 (protonated, pH 2.0) thus providing an unobstructed view of the residual amide II band 

(145).  This allows a more accurate assessment of the residual amide II band intensity.  The 
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Figure 3.6 
 

Comparison of the extent of peptide hydrogen-deuterium exchange for CfrA (A) and nAChR 
(B), both after exposure to 2H2O buffer (pH 7.0) for 72 h at 4°C. In each case, the extent of 
exchange was estimated by comparing the residual amide II intensity (shaded area, peptide 
N-1H vibrations) in spectra recorded after 72 h of exposure to 2H2O (blue line) to the 
intensities in spectra recorded from samples in 1H2O (black line, 100% N-1H) and in 2H2O 
after exposure to conditions that lead to complete 1H/2H exchange (red line). Conditions for 
complete 1H/2H were different for the respective proteins: the CfrA sample was boiled for 10 
min, whereas the nAChR was heated to 70°C for 10 min. The appropriate buffer spectrum 
has been subtracted from each spectrum. A spectrum of each sample was initially recorded at 
pH 7.0 (data not shown). The buffer was then switched to an identical buffer at pH 2.0 to 
shift the vibrations of carboxyl side chains (Asp and Glu) and thus provide an unobstructed 
view of the amide II band intensity. For comparison purposes, ribbon diagrams of FepA (A) 
and nAChR (B) show the relative proportions of each protein that are thought to reside 
within the lipid bilayer. 
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spectral analysis suggests that 75 ± 0.8 % (4 independent experiments using three different 

membrane preps) of the peptide N-1H have exchanged for N-2H in CfrA after 3 days.  Note 

that the precision of our measurement from spectrum to spectrum is high; but the accuracy of 

the number is sensitive to the accuracy of the 100% N - 1H value, which was calculated from 

a dried 1H2O. 

For comparison, we also recorded spectra under identical exchange conditions from another 

integral membrane protein, the nicotinic acetylcholine receptor (nAChR) (structure shown in 

Figure 3.6B).   A similar percentage (75 – 80 %) of peptide hydrogens in the nAChR, which 

has an exclusively α–helical transmembrane domain, undergo peptide hydrogen-deuterium 

exchange after 72 hours exposure to 2H2O (150).  The number of peptide hydrogens that are 

resistant to the 1H/2H exchange in the nAChR, however, correlates with the number of 

peptide hydrogens that are found in the transmembrane domain.  

In contrast to the nAChR, the percentage of peptide hydrogens in CfrA that exchange for 

deuterium after 72 hours exposure to 2H2O does not correlate with the proposed number of 

peptide hydrogens in known siderophore-mediated iron transporter structures that are located 

within the transmembrane domain is much smaller than the percentage of transmembrane 

peptide hydrogens that are found in other siderophore-mediated iron transporters (70 % of 

the residues are typically found in the β-strands of the barrel, with the plug domain and N-

terminal extension comprising 18 % and 12 % of the amino acids, respectively (78)).  This 

comparison between CfrA and the nAChR highlights the fact that CfrA is relatively exposed 

to aqueous solution.  A high solvent exposure has been noted for other β-barrel 

transmembrane structures, including siderophore-mediated iron transporters (80).  The 

hydrogen-deuterium exchange data are thus also consistent with CfrA adopting a 

transmembrane β-barrel structure.  
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Finally, we examined the thermal denaturation of CfrA by recording FTIR spectra as a 

function of temperature in Figure 3.7.  Denaturation of CfrA upon boiling in 2H2O for one 

hour leads to a substantially altered amide I band shape with new peak maxima near 1614 

cm-1 and 1685 cm-1 (Figure 3.7A, bottom trace) (87).  In contrast, FTIR spectra recorded 

from CfrA at temperatures ranging from 35°C to 95°C show no detectable changes in amide 

I band shape indicating that CfrA remains in its native conformation over the entire 

temperature range of the experiment (Figure 3.7B).  The high thermal stability of CfrA is 

emphasized when one compares its thermal denaturation profile to that of the nAChR, which 

denatures at roughly 55°C (Figure 3.7C) (151).  The high thermal stability CfrA is consistent 

with the high thermal stabilities reported for other β -barrel proteins (152).  The secondary 

structure, hydrogen exchange characteristics, and thermal stability of CfrA are all consistent 

with both a β -barrel structure and the proposed role of CfrA as a predominantly β -barrel 

outer membrane siderophore-mediated iron transporter.   

3.5.3 A Structural Model of CfrA.  The FTIR data provide a structural rationale for 

performing sequence alignments with other siderophore-mediated iron transporters and for 

constructing a homology model (138).  The model was first attempted using Cir, as a 

template, as this TonB dependent transporter has the highest sequence identity with CfrA 

(29% overall sequence identity, E value of 4e-65).  Cir is expressed in many strains of E. coli 

where it binds and transports ferric ion complexed to linear catecholates, such as 

dihydroxybenzoyl serine.  The crystal structure of Cir, however, exhibits poor electron 

density in some of the extracellular loops connecting the transmembrane β-strands (17).  

This coupled with the fact that the sequence of CfrA is longer than that of Cir (CfrA has 696 

residues versus 663 for Cir) made it difficult to model the β-barrel.  Alternatively, a structure 
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Figure 3.7 
 

Thermal denaturation of CfrA. (A) Comparison of a spectrum of CfrA recorded at 95°C 
(upper trace) to a spectrum recorded after CfrA was boiled for 1 h and thus denatured (lower 
line). (B) Three-dimensional stack plot showing FTIR spectra of CfrA recorded in 2H2O at 
pH 7.0 with increasing temperatures from 35°C (front spectra) to 95°C (back spectra). (C) 
Changes in intensity at 1,681 cm−1 plotted as a function of temperature for CfrA (▵) 
compared to the intensity changes observed in similar spectra recorded from the nAChR (○). 
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was generated by modeling the plug and β-barrel domains separately, using Cir as a template 

for the plug (45% sequence identity, E value of 1e-23) and FepA as a template for the β-barrel 

(24% sequence identity, E value of 6e-19). Cir and FepA were chosen as they exhibit the 

highest sequence identities for the independent domains modeled. FepA is also an E. coli 

TonB dependent iron transporter, but transports iron complexed to the endogenous 

catecholate siderophore, enterobactin (153).  The three dimensional models of both the β-

barrel and plug domains are shown in Figure 3.8A.  A flattened schematic of the β-barrel 

showing conserved residues is compared to a similar structure of FepA in Figure 3.8B.   

The model predicts, as expected given the chosen templates, that CfrA adopts a 22 strand 

antiparallel β-barrel with the N-terminal of the protein folded into the lumen of the β-barrel 

forming the plug domain.  The strands of the β-barrel range in length from seven to 23 amino 

acids.  The β-barrel exhibits long extracellular loops and shorter periplasmic turns 

connecting the β-strands.  The plug, which blocks passage of large molecules from the 

extracellular to the periplasmic solutions, contains a β-sheet core with several loop regions 

(SB-1, SB-2. and SB-3) that extend towards the extracellular surface of the β-barrel.  These 

loops likely play a role in siderophore binding and transport (see below). 

The existence of several structural motifs, which are highly conserved in other siderophore-

mediated transporters, provides confidence in the modeled structure of CfrA, particularly in 

the plug domain (80).  Nine conserved structural motifs of the plug, identified by Chimento 

et al., are found in CfrA (black boxes in Figure 3.9), including the Ton box and the PGV, 

IRG, LIDG and RP motifs (80).  The Ton box interacts with the energy transducer, TonB, 

and thus plays a role in the conformational switch associated with iron transport.  The PGV, 
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Figure 3.8 

 
Topology of iron-siderophore transporters. (A) Ribbon representation of the β -barrel and 
plug domains of the CfrA model. Barrel loops predicted to participate in ligand binding are 
indicated in red. Substrate-binding loops of the plug domain are also shown in red. (B and 
C) Comparison of unrolled flat representation of the barrel domain (left panel) and the plug 
domain (right panel) for CfrA (B) and FepA (C). Blue boxes in the barrel domain indicate 
residues located in the β-strands of the barrel domain. Blue boxes in the plug domain indicate 
conserved motifs within the plug domain. Black circles indicate residues located in the loop 
region of the proteins. Residues predicted to be involved in ligand binding are indicated in 
black text. Residues that interact with the plug domain are also shown in yellow. The 
predicted position of the membrane bilayer for the barrel domain is outlined with horizontal 
lines. 
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Figure 3.9 
 

Alignments of CfrA model with other iron-siderophore transporters. (A) The aligned 
sequences of CfrA, Cir, and FepA were manually added to the structure-based sequence 
alignment of crystallized iron-siderophore transporters performed by Buchanan and 
coworkers.  Secondary structural elements are depicted as red cylinders (helices) and blue 
arrows (β-strands). Conserved residues, conserved motifs, and substrate-binding loops within 
the plug domain are indicated in yellow, black boxes, and blue boxes, respectively. 
Conserved residues from the barrel that interact with the plug domain are also shown in 
yellow. Residues that participate in binding of ferrichrome, diferric dicitrate, and 
enterobactin, as discussed in the text, are indicated by red circles. (B) Sequence alignments 
of CfrA with enterobactin transporters from difference bacterial species.  Bacterial species: e, 
Escherichia coli; s, Salmonella enterica serovar Typhimurium; p, Pseudomonas aeruginosa; 
b, Bacillus pertussis. 
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IRG, LIDG, and RP motifs define the location of the three loops of the plug domain (SB-1, 

SB-2, SB-3) that play a role in substrate binding.  These binding loops are held in place by a 

charge cluster involving two conserved arginine residues in the IRG and RP motifs.  These 

arginines form salt bridges with two glutamate residues located in strands 14 and 16 of the β-

barrel, as discussed below (80).  The location of these and other motifs allow us to define 

with precision the location of the different secondary structures in the plug domain sequence 

of CfrA, as well as the potential residues in SB-1, SB-2, and SB-3 of the plug that likely 

interact with the putative substrate(s) of CfrA. 

Although the lower sequence conservation in the β-barrel domain makes the precise 

definition of some of the β-strands in the β-barrel equivocal, several conserved residues are 

present.  In particular, two acidic residues observed at conserved locations of β-strands 14 

and 16 of the barrel likely form a charge cluster with the conserved arginine residues located 

in the IRG and RP motifs of the plug domain (see above).  These conserved glutamic acid 

residues, shaded blue in Figures 3.8 and 3.9, allow us to accurately place the sequence in 

register in these two β-strands.  Other conserved residues in the β-barrel have also been 

shown to form interactions with the plug domain and thus provide further confidence in the 

sequence alignment of CfrA with the other siderophore-mediated iron transporters (grey in 

Figures 3.8 and 3.9) (80).  Unfortunately, these conserved residues are found mostly in the 

C-terminal half of the β-barrel.   

The identified conserved residues/structural motifs in our homology model provide 

confidence in our modeled structure and allow us to compare the sequence of CfrA to those 

of other siderophore mediated iron transporters, particularly in regions thought to play an 

important role in siderophore binding and/or transport.  Current data indicates that CfrA acts 
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as a transporter of ferric enterobactin (126).  FepA is the endogenous E. coli enterobactin 

transporter.  We thus expected CfrA to exhibit a high sequence similarity with FepA in 

regions thought to play a role in enterobactin binding/transport.  As shown in the sequence 

alignments of Figure 3.8B and the homology model of Figure 3.9, however, there are 

considerable sequence variations suggesting that the mechanisms used by CfrA and FepA to 

interact with ferric enterobactin may differ substantially (see Discussion).     
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3.6 Discussion  

3.6.1 Expression, Purification, Reconstitution, and Structural Characterization of CfrA.  

We report here the successful full length cloning and expression of an outer membrane 

protein implicated in siderophore-mediated iron transport in the enteric pathogen, C.  jejuni.  

The protein was expressed in the E. coli strain, C41, with typical yields of ~ 7 mg of purified 

CfrA per 16 L of culture, of which 4-5 mg were typically reconstituted into lipid bilayer 

vesicles.  While these yields are less than anticipated, they are not entirely unexpected for the 

expression of a C. jejuni membrane protein in E. coli. For example, Mamelli et al. were able 

to express the C. jejuni membrane protein, CadF in E.coli in large quantities, but they were 

only able to do so with a small truncated version of the protein (142).  The truncated CadF 

was also targeted to inclusion bodies.  We were unable to completely solubilize CfrA from 

the membrane fraction (which includes inclusion bodies) suggesting that some of the 

expressed protein may be targeted to inclusion bodies.  Further, high-level expression of 

CfrA led to degradation of the expressed protein. E. coli may not be efficient at expressing C. 

jejuni membrane proteins.   Despite the encountered problems with the expression of CfrA, 

we were still able to obtain intact protein in milligram quantities, which is sufficient for 

structural characterization.   

We also present an efficient protocol for the reconstitution of the expressed and purified 

CfrA into lipid membranes.  We utilized the relatively mild detergent, DDM, to solubilize 

and purify CfrA from the bacterial cell membranes, as it is an excellent detergent for 

maintaining membrane protein structure/function in the solubilized state.  Unfortunately, 

DDM has a very low critical micellar concentration and is thus difficult to remove by 
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dialysis to form reconstituted protein-lipid vesicles.  Consequently, protein incorporated 

vesicles are often formed in the presence of exogenous lipids using hydrophobic BioBeads to 

remove the DDM.  In our hands, however, we find this approach leads to loss of protein and 

incomplete detergent removal (data not shown).  We therefore diluted our DDM solubilized 

CfrA with sufficient cholate-solubilized exogenous lipid to bring the concentration of DDM 

below its critical micellar concentration.  We then dialyzed away both detergents and 

efficiently formed protein-lipid complexes.  We found this simple dilution/dialysis procedure 

removed both DDM and cholate from the solution to undetectable levels.  Sucrose gradients 

confirm that the CfrA is associated with lipids – although two populations of vesicles with 

differing lipid-protein ratios were typically formed.   

The ability to efficiently reconstitute CfrA into lipid bilayers opens the door for more 

detailed biochemical and biophysical studies of CfrA structure and function.  Reconstituting 

CfrA in the presence of other components of the TonB system may allow us to probe in 

detail the mechanisms of siderophore mediated iron transport.  

FTIR spectra of the purified and reconstituted CfrA are highly characteristic of a 

predominantly β-sheet protein.  We estimated the secondary structure content of CfrA to be ~ 

44 % β-sheet and ~ 10 % α-helix, both are surprisingly close to the secondary structure of the 

iron transporter FecA estimated from the crystal structure (78).  More importantly, the FTIR 

spectra of CfrA are similar to those recorded from another siderophore-mediated iron 

transporter, FhuA demonstrating the similarity in structure (87).  CfrA also exhibits a high 

thermal stability and is resistant to SDS denaturation, yet is relatively accessible to solvent 

and thus undergoes relatively extensive peptide hydrogen-deuterium exchange.  These 

findings are all consistent with CfrA adopting a transmembrane β -barrel, as similar 

biophysical properties have been observed for other transmembrane β -barrel proteins 
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(32,141) .  The data accumulated in this study provide the first structural evidence that CfrA 

adopts a topology consistent with a siderophore-mediated iron transporter. 

3.6.2 Homology Model of CfrA.  Our homology model of CfrA created using Cir and FepA 

as templates for the plug and β-barrels, respectively, provides additional structural evidence 

that CfrA is a siderophore-mediated iron transporter.  The model exhibits many of the 

conserved sequences/structural motifs found in other siderophore mediated iron transporters, 

including the Ton box, PGV, IRG, RP, and LIDG motifs of the plug domain.  Numerous 

conserved residues in the β-barrel domain that, in other siderophore-mediated iron 

transporters, interact with conserved residues in the plug domain are also found at equivalent 

sites in CfrA.  Of particular interest are two glutamic acid residues (E484 and E547) of 

β-strands 14 and 16, which form a charge cluster with arginines in the IRG and RP boxes of 

the plug domain.   

3.6.3 Selectivity of Siderophore Binding.  C. jejuni grows in culture using exogenously 

supplied ferric-enterobactin as an iron source (126).  CfrA deletion mutants of C. jejuni, 

however, are not capable of transporting ferric-enterobactin, suggesting that CfrA is an 

enterobactin transporter (126).  Based on these data, we expected our homology model and 

sequence comparisons to reveal binding site motifs consistent with those found in the E. coli 

enterobactin transporter, FepA.   

We first compared our homology model and the sequence of CfrA with the structures and 

sequences of FhuA and FecA, as structures of both of these siderophore-mediated iron 

transporter have been solved in the presence of bound siderophores.  The structures provide 

direct insight into the nature of siderophore-transporter interactions (78,154).   FhuA 
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transports the cyclic hexapeptide, ferrichrome, which coordinates iron using hydroxamate 

functional groups.  Ferrichrome interacts with FhuA predominantly via aromatic residues 

located in the third binding loop of the plug domain, SB-3 (F115 and Y116), and loops three 

(Y244 and W246), four (Y313 and Y315), five (Y391), and eleven (F702) of the β-barrel.  

R81 and Q100 of the plug SB-1 and SB-2 binding loops, respectively, interact directly with 

the hydroxamate functional groups that chelate the bound ferric iron (154).   Significantly, 

both the structural model of CfrA and the sequence comparisons reveal an absence of 

aromatic residues at comparable sites to FhuA, even taking into account possible errors in the 

registers of the individual β-strands.  The arginine and glutamine residues of SB-1 and SB-2 

in FhuA are also missing, although a lysine residue is located close by in SB-1 of CfrA.  The 

homology model predicts that iron-bound ferrichrome is not a high affinity substrate for 

CfrA in agreement with the inability of C. jejuni NCTC 11168 to acquire iron from 

ferrichrome (Dr. Stintzi; personal communication). 

Structures of FecA have been solved with both diferric dicitrate and dicitrate bound to the 

plug and β-barrel domains (78).  In contrast to FhuA, the binding site of FecA exhibits a 

large number of positively charged arginines that interact with the highly negative citrate 

molecule.   These include R155 of SB-1, R365 of β-strand 7, R380 of loop 4, and R438 of 

β-strand 10.  Two other residues involved in binding, Q176 and Q570, are found in SB-3 and 

β-strand 15, respectively (78).  Even allowing for substantial flexibility in the registers of the 

β-strands, there are few positively charged residues in CfrA that could play a comparable 

role in substrate binding.  As expected, the sequence alignment and modeled structure thus 

predict that ferric citrate is also not a substrate for CfrA. 
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Finally, we compared the modeled structure and sequence of CfrA with that of FepA.  

Although bound ferric-enterobactin was not resolved in the published structure of FepA, thus 

precluding direct structural analysis of FepA-enterobactin interactions, there is considerable 

biochemical data available concerning FepA-enterobactin interactions (81,153,155).  The 

catecholate siderophore, enterobactin, has a net negative charge, suggesting that aromatic 

and basic residues play a role in siderophore binding (156).  These postulates are supported 

by mutagenesis studies with FepA, which show that the Y260A and F329A play a role in 

enterobactin binding affinity and transport efficiency, although Y260 appears to be essential 

to both processes (81,155).  Combinatorial mutations of two aromatic residues, Y272A and 

F329A, or two arginine residues, R286A and R316A, suggest the involvement of all four 

residues in binding/transport.  As shown in Figure 3.8B, Klebba and colleagues have 

demonstrated the across species conservation of both aromatic and positively charged 

residues in a region of FepA that contains most of the residues known to play an important 

role in ferric enterobactin binding/transport (155).   

Surprisingly, the sequence of CfrA does not match up as well with that of FepA in the 

regions of the protein that are predicted to play a role in substrate binding as might be 

expected for an enterobactin transporter.  CfrA does not exhibit a tyrosine residue at a 

position comparable to Y260 of FepA, even allowing for considerable errors in the aligned 

register of the two sequences.  This variation is significant because Y260 is the only residue 

in FepA identified so far that upon mutation alone (i.e. not in combination with another 

residue) leads to a substantial reduction in binding affinity/transport (157).  CfrA also lacks a 

tyrosine or other comparable aromatic residue at a position consistent with Y272 in FepA.  

CfrA does exhibit a positively charged lysine at a position that matches R286 in FepA.  A 
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shift in the sequence will bring F338 of CfrA in register with the F329 in FepA (Figure 3.8B) 

and thus R336 of CfrA to within two residues of R316 of FepA, but this shift in register 

would then shift Y328 of CfrA out of register with its conserved counterpart in FepA.   

The striking lack of sequence conservation between CfrA and FepA in a region known to be 

central to enterobactin binding in FepA is illustrated clearly in Figure 3.8B.  Also, the three 

binding loops of the plug domain, shown to interact directly with bound siderophores in 

FhuA and FecA, exhibit little sequence similarity between CfrA and FepA in terms of either 

aromatic or charged residues (blue boxes in Figure 3.8A).   The structural/sequence 

comparisons show that the putative enterobactin binding site of CfrA exhibits substantial 

sequence variations relative to comparable regions of the enterobactin binding site of FepA.   

An intriguing possibility is that CfrA lacks key residues involved in ferric-enterobactin 

binding, and thus has a lower binding affinity for the siderophore.  Lower affinity 

enterobactin binding might correlate with a broader siderophore binding selectivity.  Unlike 

E. coli, the genome of C. jejuni appears to code for only one TonB-dependent siderophore 

transporter as Cj0178 was recently shown to mediate iron acquisition from ferric-lactoferrin 

(158).  Given that CfrA is potentially the lone siderophore transporter in C. jejuni, it may 

have evolved to bind and transport a broader range of siderophores with lower affinity, in 

order to ensure survival of C. jejuni in hostile environments.   

Given that C. jejuni is a common food borne pathogen that leads to considerable health 

problems, this microorganism is of considerable interest as a therapeutic target.  Deletion of 

the cfrA gene greatly diminishes the virulence of C. jejuni in chick colonization assays (126).  

Inhibitors of CfrA function should thus be effective at treating C.jejuni infection.  The 
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sequence and structural comparisons strongly suggest that CfrA from C. jejuni and FepA 

from E. coli bind enterobactin using different mechanisms/binding interactions.  Given that 

the two proteins exhibit structural differences in their enterobactin binding sites, it may be 

possible to exploit the structural differences between CfrA and FepA to develop CfrA-

specific therapeutics.  Such an approach might allow one to target CfrA containing C. jejuni 

in the intestine, while leaving the endogenous micro flora unharmed.  

In summary, we have cloned, expressed, purified, membrane reconstituted, and structurally 

characterized a 76 kDa protein that has been identified as the potential siderophore-mediated 

iron transporter in C. jejuni, CfrA.  We show that CfrA is membrane associated and can be 

expressed in E. coli and purified/reconstituted into a membrane environment in milligram 

quantities sufficient for structural characterization.  The protein exhibits a predominantly 

β-sheet secondary structure, is highly thermally stable, and has peptide hydrogens that are 

relatively accessible to aqueous solvent, consistent with other siderophore-mediated iron 

transporter.  Structure-based sequence alignments and a homology model show that CfrA 

exhibits all of the conserved structural motifs found in other siderophore-mediated iron 

transporters, particularly in the proposed plug domain.  Our analysis provides the first 

structural evidence that CfrA is the siderophore mediated iron transporter in C. jejuni.  There 

are substantial sequence variations in the putative siderophore binding site of CfrA relative to 

other siderophore-mediated iron transporters including the enterobactin transporter FepA.  

The data suggest that CfrA and FepA use different mechanism to interact with the 

siderophore enterobactin. 
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4  CfrA CRYSTALLIZATION 
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4.1 Introduction 

Both the homology model of CfrA and sequence alignments described in Chapter 3 reveal 

the absence of critical residues in CfrA that have been implicated in enterobactin 

binding/transport in other TBDT.  The absence of the conserved residues suggests a unique 

mode of binding of enterobactin to CfrA, which could be exploited for therapeutic purposes.  

We proposed that CfrA possesses a decreased binding affinity for enterobactin that may lead 

to a broader substrate specificity (159).  A broad substrate specificity would be beneficial as 

C. jejuni is unable to produce siderophores endogenously and thus must scavenge 

siderophores produced by the host endogenous micro flora (126).  The proposal that CfrA 

has a broad substrate specificity was recently shown experimentally by Naikare et al (160).  

CfrA was able to transport a number of different enterobactin analogs demonstrating 

promiscuous binding (160). 

To investigate the molecular determinates of binding to CfrA, I set out to crystallize CfrA in 

the presence and absence of enterobactin.  I initially used the expression and purification 

protocol developed in Chapter 4 to produce in	  n-dodecyl-β-D-maltoside	  	  (DDM) solubilized 

CfrA as a starting point for crystallization.  A clear path from DDM-solubilized CfrA to 

protein crystals, however, was unavailable, as diverse conditions had been used previously to 

crystallize other TBDT.  For example, FepA was concentrated to 15mg/ml in 0.025 M 

MOPS (pH 7.0), 0.05 % LDAO, 0.1 M NaCl, 20 % glycerol and 2 mM NaN3 and then mixed 

with 14 % polyethylene glycol (PEG1000), 0.05 M Tricine (pH 8.0), 0.0125 M MOPS (pH 

7.0), 0.055 % LDAO, 0.35 M NaCl, 1.75 % heptane 1,2,3-triol, 15 % glycerol and 2 mM 

NaN3 to generate crystals that diffracted to 2.4 Å (19).  By comparison, FhuA was 

concentrated to 10-20 mg/ml in 0.01 M ammonium acetate and 0.0 8% C10DAO and mixed 
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with 13-16 % PEG6000, 0.1 M sodium cacodylate (pH 6.4) to generate crystals that 

diffracted to 3.0 Å (161).  As the conditions varied dramatically, I started with broad screens 

and commenced with hundreds of crystallization trials in the hope of a positive hit leading to 

crystal refinement.  In concert, I attempted crystallization under conditions that had proven 

successful with other TBDT  

This chapter describes the progress made towards solving a high-resolution crystal structure.  

This research identified conditions that reproducibly led to protein crystals and culminated in 

a 5 Å resolution structure of the CfrA β-barrel.  
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4.2 Experimental Procedures 

4.2.1 Materials.  n-dodecyl-β-D-maltoside (DDM) anagrade and n-dodecyl-N-N-

dimethylamine-N-oxide (LDAO) anagrade were from Affymetrix (Santa Clara, CA). 

Crystallization plates and cover slides were from Hampton research (Aliso Viejo, CA).  

FTS40 spectrometer, originally from Digilab now Agilent Technologies (Santa Clara, CA).  

Goldengate™ attenuated total internal reflection accessory was from SpecAc (Orington, 

Kent, U.K).  The Superdex200 and MonoQ columns were from GE healthcare (Baie d’Urfe, 

Quebec).  The Superflow Talon resin was purchased from Clontech (Mountain View, CA).    

4.2.2 Constructs, Expression and Purification of CfrA.  CfrA was expressed, solubilized 

and purified in either DDM or n-dodecyl-N-N-dimethylamine-N-oxide (LDAO) as described 

in Chapter 3 (159).  Briefly, membrane proteins were solubilized by incubating 1 g of the 

membrane protein for 1 hour at 4 °C in lysis buffer (300 mM NaCl and 50 mM NaH2PO4 

(pH 7.0)) containing either 0.65 % (w/v) LDAO or 1 % DDM, 2 mM TCEP, and 10 mM β-

mercaptoethanol.  After centrifugation at 100,000 xg, the solubilized protein in the 

supernatant was incubated for 1 hour at 4 °C with Superflow cobalt based resin. The resin 

was transferred to a glass column and non specifically bound protein was removed with 3 

buffer washes (3 column volumes each) with increasing imidazole concentration (0, 10 mM, 

50 mM imidazole) in lysis buffer supplemented with 0.1 % (w/v) LDAO.  Protein was eluted 

from the resin in 150 mM imidazole, 300 mM NaCl, 50 mM NaH2PO4, and 0.075 % (w/v) 

DDM at pH 7.0.  Protein fractions were concentrated using a Centricon 30,000 Dalton cutoff 

concentrator and then further purified on a Superdex-200 gel filtration column equilibrated 

with gel filtration buffer (300 mM NaCl and 25 mM Tris-HCl (pH7.0)) supplemented with 2 
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mM TCEP, 10 mM β-mercaptoethanol and 0.1% (w/v) LDAO.  The eluted CfrA was then 

concentrated to 10mg/ml in 150mM NaCl and 25mM Tris-HCl (pH 7.0). 

4.2.3 Fourier Transform Infrared Spectroscopy (FTIR).  Hydrogen/deuterium infrared 

spectra were recorded on a Digilab FTS40 spectrometer using a Golden-GateTM attenuated 

total internal reflection accessory.  3 µl of the CfrA (~1 mg/ml) in gel filtration buffer was 

dried down onto the accessory under a gentle stream of N2 gas.  After collecting a 128 scan 

spectrum at 4 cm-1 resolution, 4 µl of 2H2O was added and another 128 scan spectrum 

collected. 

4.2.4 Crystallization.  Crystallization was preformed by hanging drop vapor diffusion at 

20°C.  All screens were conducted in 24 well VDX plates with siliconized glass cover slides.  

Except where noted, 1 µl of approximately 10mg/ml protein solution in 25 mM Tris-HCl 

(pH 7.0), 0.15 M NaCl and either 0.1 % LDAO or 0.1 % DDM was deposited on a cover 

slide and 1 µl of reservoir was added, mixed by pipetting, and inverted over 1ml of reservoir 

solution.  Initial crystallization trials were prepared with DDM-solubilized CfrA 

concentrated to 10 mg/ml in 150 mM NaCl and 25 mM Tris-HCl (pH 7.0). 

4.2.5 Ferric-Enterobactin.  Ferric-enterobactin was prepared by dissolving 100 nmol of 

enterobactin in 100 µl of methanol followed by the addition of a solution of 100 nmol of 

FeCl3 in 100µl of water.  The solution was incubated for 2 hours at room temperature before 

the addition of 100 µl of 1 M NaHPO4 (pH 7.4).    The final volume of 1 ml was prepared 

after dilution with H2O.  The solution was centrifuged at 14,000 rpm for 1 minute to pellet 

free iron.   
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4.3 Results 

4.3.1 Crystallization trials in DDM.  The purification protocol developed in Chapter 3 used 

DDM for both solubilization and purification of CfrA, so DDM-solubilized CfrA was used in 

my initial crystallization trials (159).  Initial broad screens were constructed in-house varying 

the pH range (pH 4.5 – 9.0), the precipitant (polyethylene glycol 600, polyethylene glycol 

1000, polyethylene glycol 4000,  polyethylene glycol monomethyl ether 2000,  polyethylene 

glycol 6000, polyethylene glycol 3350,  ammonium sulfate, sodium chloride, and 2-methyl, 

2, 4-pentanediol) and the salt concentration (sodium chloride, potassium chloride, 

magnesium acetate, calcium acetate and magnesium sulfate) of the reservoir (Table 4.1).  

The hanging drop method for crystallization was attempted, with a 1 µl of protein solution 

deposited on a glass cover slide followed by the addition of 1 µl of reservoir solution.  After 

mixing, the cover slip was inverted over 1 ml of reservoir solution.  A screen of 

approximately 500 trials resulted in various precipitates and phase separations, but with no 

crystalline material (data not shown).   The results of the initial trials gave no clear direction 

for additional trail attempts.     

4.3.2 Purification in LDAO.  DDM produces a micellar belt of approximately 30 kDa.  The 

size of micellar belt can be deleterious to the formation of high resolution crystals by 

hindering protein-protein contacts needed for crystal formation (21,22,162).  Different 

detergents were thus explored in an attempt to limit micellar belt size and drive crystal 

formation.  The detergent LDAO forms small micellar belts (17kDa) and has proven 

successful for the crystallization of other TonB dependent transporters (19,163,164).  As an 
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Bu�ers 

Tris-hydrochloride

N-(2-acetamido) iminodiacetic
 acid (ADA)

Sodium Acetate

Sodium Citrate

4.5-5.5

4.5-6.0

7.0-9.0

6.0-7.0

Polyethylene Glycol 600

6.0-8.0

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic 
acid (HEPES)

25mM - 100mM

25mM - 100mM

25mM - 100mM

25mM - 100mM

25mM - 100mM

Name pH range tested Concentration tested

Ammonium Sulfate

Polyethylene Glycol 20000

Polyethylene Glycol 6000

Polyethylene Glycol 4000

Polyethylene Glycol 1000

Polyethylene glycol monomethyl 
ether 2000

2-Methyl-2,4-pentanediol

Polyethylene Glycol 3350

Sodium Chloride

5% - 40%

5% - 25%

0.8M - 2.4M

1.0M - 3.0M

10% - 65%

5% - 40%

5% - 40%

5% - 40%

5% - 40%

5% - 40%

Precipitants

Sodium Chloride

Potassium Chloride

Magnesium Acetate

Calcium Acetate

50mM-150mM

Magnesium Sulfate

50mM-150mM

50mM-150mM

50mM-150mM

50mM-150mM

Salts

Table 4.1 Crystallization constituents tested  

a
Crystallization trials were conducted systematically where one constituent was varied at a time over the concentration
indicated.  Various combinations were explored those showing positive results were further re�ned and explored. 

a

b

c

d

b Increments of 0.2 pH units and 25mM concentrations were tested for each bu�er within the ranges indicated 
c Concentration increments of 5% were tested for polyethylene glycol and 2-methyl-2,4-pentandediol precipitants within

 the range indicated.  Concentration increments of 0.2M were tested for Ammonuim Sulfate and Sodium Chloride within 
the range indicated.

d Concentration increments of 25mM were tested for the salts tested within the range indicated
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added benefit, the addition of other amphiphiles, such as alcohols, has been shown to further 

decrease the micellar belt size (163).   

I therefore decided to attempt crystallization with LDAO-solubilized CfrA.  LDAO proved 

successful in the solubilization and purification of CfrA from the outer membrane with 

structural characteristics in agreement with previously published work (Figure 4.1A-C) 

(159).   Briefly, CfrA purified in LDAO resulted in a pure, homogenous solution as indicated 

by a representative SDS-PAGE gel in Figure 4.1A and the gel filtration profile from the 

Superdex200 column in Figure 4.1B.  Note the second band running at a lower molecular 

weight on the SDS-PAGE gel has been confirmed as CfrA (159).  β-barrel membrane protein 

structures are known to be resistant to denaturation by sodium dodecyl sulfate (SDS) 

resulting in two bands on an SDS-PAGE gel (141,142).  A predominantly β-strand secondary 

structure was shown by FTIR analysis (Figure 4.1C).  Comparable yields were obtained in 

the presence of LDAO and DDM (data not shown).   

4.3.3 Crystallization trials in LDAO.  A second attempt at the initial broad screen of 500 

conditions in the presence of LDAO was undertaken.  The crystallization set up was 

consistent with earlier trials.   The majority of reservoir conditions yielded different degrees 

of precipitates and phase separations similar to the DDM screen.  Three reservoir conditions, 

however, yielded discrete areas of birefringence (Figure 4.2A).  Birefringence is an intrinsic 

property of most macromolecules.  A protein crystal is birefringent because the crystals have 

anisotropic character generating 2 indices of refraction (165).  The reservoir conditions 

leading to birefringence consisted of:  1) 100 mM sodium citrate (pH 5.6), 100 mM NaCl 

and 30 % PEG3350; 2) 100 mM sodium citrate (pH 5.6), 100 mM NaCl and 30 % PEG6000 

and 3) 25 mM Tris (pH 8.4), 100 mM NaCl and 30 % PEG3350.  Screening within the 
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Figure 4.1 

Production and structural characterization of detergent solubilized CfrA.  (A) 1 g of 
membrane fraction was solubilized with 0.65% LDAO for 1 hour at 4°C.  Soluble fraction 
was batch bound to cobalt based affinity resin for 1 hour at 4°C.  Peak fractions from the 
affinity column were pooled  (lane 1), concentrated (lane 2) and subjected to a subsequent 
gel filtration column.  Peak fractions were collected (peak fractions lane 3-5), pooled and 
concentrated (lane 6) and used for crystallization trials.  (B) Representative gel filtration 
profile.  The bracket denotes the region collected for crystallization trials.  (C) Infrared 
spectra of purified detergent solubilised CN10 recorded after gentle drying from 1H2O buffer.  
Note the prominent peak at 1629 cm-1 indicative of β-strand secondary structure.  
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Figure 4.2 

Schematic representation of optimization of the base crystallization condition. (A) 
Birefringent material seen with ( i ) citrate (~ pH 5.7) and ( ii ) Tris-HCl buffer (~ pH 7.0).  
(B)  Crystal morphology from screen of buffers and precipitants: ( i ) 100 mM MES (pH 
5.5), 100 mM NaCl and 20 % PEG3350, ( ii ) 25 mM Tris-HCl (pH 7.0), 100 mM NaCl and 
3 M (NH4)2SO4 ,  ( iii ) 25 mM Tris-HCl (pH 7.0), 100 mM NaCl and 20 % PEG6000, ( iv ) 
100 mM MES (pH 5.7), 100 mM NaCl and 24 % PEG3350.  (C) Crystal drops of 100 mM 
MES (pH 5.5-6.5), 100 mM NaCl and 20 % PEG3350 at ( i ) 15°C and ( ii ) 20°C. (D)  
Crystallization drops of  different total volumes maintaining a 1:1 ratio of protein solution to 
precipitant: ( i ) 2 µl, ( ii ) 4 µl, and ( iii ) 6 µl. 	  
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desired pH range across precipitants PEG3350 and PEG6000 yielded small thin 3-

dimensional crystals specifically in the condition of 100 mM NaCl, 100 mM MES with 20 % 

PEG3350 or 20 % PEG6000.   Optimizing the buffer concentration, buffer pH, salt 

concentration, precipitant type and precipitant concentration yielded the most favorable 

crystals by visual inspection.   The final base condition consisted of 100 mM MES (pH 5.5-

6.5), 100 mM NaCl, and 20 % PEG3350 where the crystals appeared after approximately 2 

weeks and continued to grow for an additional 2 - 3 weeks (Figure 4.2B). 

To improve the possibility of producing high quality crystals, screening across pH was 

included in all screens as the appearance of visually appealing crystals at a given pH varied 

from screen to screen.   Crystallization was conducted at 15°C and 20°C to determine the 

optimal temperature (Figure 4.2C).  Reducing the crystallization temperature delayed the 

appearance of CfrA crystals and did not significantly improve the physical appearance of the 

crystals.  Thus, the following trials were conducted at 20°C.  Crystallization trials with 

different ratios of protein solution to precipitant solution (0.5:1 or 1:0.5) eliminated the 

development of CfrA crystals (data not shown).  Maintaining a consistent ratio of 1:1 for the 

protein solution to reservoir with a larger drop volume resulted in an inverse relationship 

between the number/size of crystals and size of drop (Figure 4.2D).  2 µl of protein solution 

with 2 µl of reservoir solution resulted in an increase in the number of crystals, however the 

crystals were smaller than when 1 µl protein solution was added to 1 µl of reservoir solution.  

The 3 µl of protein solution with 3 µl of reservoir solution resulted in a further increase in 

the number of crystals, but these crystals were smaller still.  Subsequent crystallization 

conditions were completed with 1 µl of protein solution to 1 µl of reservoir solution at 20°C.   
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4.3.4 Optimization of crystallization.  Various additives have been shown to be 

advantageous in the formation of highly ordered protein crystals.  An in house screen testing 

the use of alcohol additives (heptanetriol, 2 methyl 2,4 pentanediol (MPD), isopropanol) 

resulted in crystals; however, the appearance of crystals in the presence of heptanetriol and 

isopropanol were inconsistent. The mechanism by which the alcohols aid in crystallization is 

unknown; however, there is speculation that the alcohols further reduce the size of the 

micellar belt (163).  Optimization revealed an ideal concentration in the reservoir solution of 

1.5% MPD.   In addition to in house screens, various screens purchased from Hampton 

Research were tested.  Also, Figure 4.3 gives a visual representation of the results that were 

typically found during the screening process.  To further improve the crystal conditions, I 

reduced the detergent concentration during the purification process from 0.1% to 0.05% 

(data not shown).  Ideally, the presence of detergent micelles should be limited in order to 

facilitate crystallization (162).  The reduction in detergent concentration resulted in crystal 

formation overnight; however, these crystals were extremely delicate and did not diffract to 

high resolution (see below).   Additional screens with metal additive (iron, cobalt, 

manganese and nickel) were attempted, as CfrA is an iron transporter.  The presence of iron 

at varying concentrations (0.04 mM-0.1 mM) produced 3-dimensional crystals with 

extremely sharp edges (Figure 4.3G).  

4.3.5 Crystallization with ligand.  Crystallization of proteins with the cognate substrate has 

been shown to improve crystallization, increase resolution and give insight into the 

molecular determinants of binding. Therefore, I decided to prepare crystallization trials with 

apo-enterobactin and ferric-enterobactin.  The enterobactin was a kind gift from Dr. Alain 

Stintzi.   The procedure for preparing ferric-enterobactin is depicted in Figure 4.4A showing 
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Figure 4.3 

Crystal morphologies obtained using Hamption Research and a metal screens.  (A) 100 mM 
cacodylate; (B) 20 mM n-octyl β D glucoside; (C) 100 mM sodium formate; (D) 100 mM 
succinic acid;  (E) 15 % isopropanol; (F) 0.15 mM nonyl β-D thiomaltoside. (G) 0.01 M 
iron. 
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the characteristic red color of ferric-enterobactin.  The addition of the NaHPO4 caused the 

solution to turn red.  To ensure the production of ferric- enterobactin, I recorded the 

absorbance spectrum of the final product as ferric-enterobactin has a characteristic peak 

intensity at approximately 500 nm (166).   As can be seen in Figure 4.4, the production of 

ferric-enterobactin resulted in an intense absorption at approximately 500 nm confirming the 

preparation of ferric-enterobactin.  A large screen was conducted varying the amount of 

ferric-enterobactin / enterobactin to protein (0.5:1, 1:1 and 1:0.5 [mol:mol] ) to determine 

ideal conditions for crystallization.   Small crystals formed in all conditions with no 

improvement seen in resolution (see below).   

4.3.6 Synchrotron results.  Due to time constraints and logistical complications, only a 

small fraction of the crystals (162) were tested at the European Synchrotron and Radiation 

Facility (ESRF) in Grenoble, France over an eight month time period.  The majority of the 

crystals tested derived from 100 mM MES (pH 5.5-6.5), 100 mM NaCl, 0.15 % MPD and 20 

% PEG3350.  The best diffraction pattern to date was obtained from a crystal grown in 100 

mM MES (pH 5.7), 100 mM NaCl, 0.15 % MPD and 20 % PEG3350 cryoprotected in 50 % 

PEG3350 (Figure 4.5A).  The initial image diffracted to approximately 3.0 Å with 

subsequent images at decreasing resolution (Figure 4.5B).  The resulting structure was 

modeled at a 5.0Å resolution and is not sufficient for amino acid side chain information.  

Overall, the model shows a 22 anti-parallel β-barrel protein (Figure 4.5).   

4.3.7 LPS experiments.  It has been well documented for TBDT that lipopolysaccharides 

(LPS) are a critical factor to be considered when attempting crystallography.  A specific 

amount of LPS is critical for crystallization of certain TBDT (32).  LPS is a large component 

of the outer leaflet of the outer membrane of gram-negative bacteria.  Thus, LPS readily 
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Figure 4.4 

Production and characterization of ferric-enterobactin.  (A) Schematic representation with 
images for the production for ferric-enterobactin.  The initial 100 nmol of FeCl3 appeared 
transparent with the 100 nmol of enterobactin appeared cloudy.  Mixing of the two solutions 
resulted in a cloudy mixture.  The addition of 1 M NaHPO4 resulted in an intense red 
solution which is characteristic of ferric-enterobactin.   The final addition of H2O to a final 
volume of 1ml maintained the red color.  A solution of H2O is presented alongside the final 
ferric-enterobactin to demonstrate the color difference.  (B) The visible spectra of ferric-
enterobactin showing the highly characteristic absorbance at approximately 500 nm.  The 
individual constituents used to produce ferric-enterobactin lack absorbance intensity in the 
500 nm region.  Only upon mixture of the FeCl3 with the enterobactin does an intensity at 
500 nm appear.  
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Figure 4.5 

The structural characterization of CfrA by X-ray crystallography. (A) Representative crystal 
in cryoloop prior to acquisition of diffraction data.  (B) The first diffraction pattern acquired 
for the crystal that diffracted to approximately 3.6 Å.  (C) The final model of CfrA at 
approximately 5.0 Å. 
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purifies with outer membrane proteins (161,167).  I decided to investigate if the detergent-

solubilizd pure CfrA co-purifies with LPS.  I ran three separate purifications of CfrA 

alongside a LPS standard on an SDS-PAGE gel followed by silver staining to determine if 

LPS is present in the pure CfrA samples (Fig 4.6A) (168).   Small amounts of LPS were 

found in two of the pure samples of CfrA.   In an attempt to remove the LPS from the 

purified sample, I decided to run an anion-exchange column as the calculated isolelectric 

point of CfrA is approximately 5.38.  Anion exchange chromatography allows the extensive 

washing of the bound protein prior to elution with increasing salt concentration.  The initial 

trial using a 1 ml MonoQ column from GE healthcare showed that CfrA binding to the 

anion-exchange resin was inhibited due to the high sodium chloride in the gel filtration 

buffer (150 mM) (data not shown).   Exchange of CfrA into a low salt buffer (50 mM NaCl 

and 25 mM Tris-HCl [pH7.0]) allowed the successful binding of the protein to the anion 

exchange resin.  Figure 4.6B shows the absorbance spectra of CfrA loaded onto the MonoQ 

column followed by 10 CV of low salt buffer.  The protein was then eluted using a salt 

gradient.  The protein eluted in the shape of one prominent peak (6 ml) with a slight shoulder 

(7.7 ml) into 4 fractions (Figure 4.6D).  The 4 fractions were then subjected to SDS-PAGE 

and silver staining analysis.  With approximately equal protein loading, Figure 4.6C clearly 

shows the presence of differing amounts of LPS in the four fractions indicating a 

heterogeneous population of protein in relation to amount of LPS presence.   Crystal trials 

with the established base condition were attempted with the individual fractions.   All four 

fractions produced crystals; however, the second fraction produced crystals adopting a 

different morphology: very thin, very large plates (data not shown).   Increasing the wash in 

low salt from 10 CV to 15 and 20 CV drastically reduced the appearance to the shoulder at 

7.7 ml (Fig 4.6D).  The SDS-PAGE gels stained with both coomassie blue and silver are 
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Figure 4.6 

The presence of LPS in pure detergent-solubilised CfrA creates a heterogeneous population.  
(A) Comparison of three separate purifications of CN10 by SDS-PAGE and subsequent 
silver staining.  Approximately 10 µg of pure CfrA was loaded per sample and stained using 
a SilverQuest™ Silver Staining Kit from Life technologies.  Lanes 1 and 2 were samples 
from two purifications from cobalt based affinity chromatography.  Lanes 3 through 5 were 
final purified samples from three separate purifications.   1 µg of LPS standard was loaded in 
lane 6.  (B) Absorbance trace of CfrA during anion-exchange chromatography.   125 µg of 
purified CfrA was exchanged into 50 mM NaCl and 25 mM Tris-HCl (pH 7.0) and loaded 
onto a 1 ml MonoQ column from GE healthcare.  The column was washed with 10 CV of 
low salt buffer prior to salt gradient.  Absorbance (black trace) and salt concentration (dashed 
trace) are presented.   The protein eluted in three fractions (1-3) with the shoulder isolated to 
fraction 3. (C) Comparison of fractions 1, 2, 3 from anion exchange column by SDS-PAGE 
and silver stain.  Approximately 10 µg of protein was loaded per lane.  Lane 1: initial sample 
prior to exchange into low salt for anion exchange chromatography.  Lane 2:  sample loaded 
onto anion exchange column in low salt.   Lane 3: fraction 1 off the anion exchange column.  
Lane 4:  fraction 2 off the anion exchange column.  Lane 5: fraction 3 (shoulder) off the 
anion exchange column.  Arrow denotes the location of LPS.  (D)  Absorbance trace of CfrA 
during anion-exchange chromatography.  Approximately 250 µg of detergent-solubilized 
CfrA was exchanged in 50 mM NaCl and 25 mM Tri-HCl (pH 7.0) divided into two aliquots 
and loaded onto a 1ml MonoQ column:  ( i ) 10 CV wash in low salt prior to salt gradient ( 
same trace presented in B), (ii) 15CV wash low salt prior to salt gradient, and (iii)  20  CV 
wash low salt prior to salt gradient.  Note the prominent peak at 6 ml changes very little 
between samples; however, the presence of the shoulder at 7.7 ml is substantially reduced 
with increased washing in low salt. (E) Comparison of fractions 1, 2, 3 off anion exchange 
column by SDS-PAGE Coomassie stain (top) and silver stain (bottom).  Approximately 10 
µg of protein was loaded per lane.   Lane 1: protein sample from cobalt based affinity resin.  
Lane 2:  protein sample from size exclusion column after exchange into low salt buffer.   
Lane 3-4: peak fractions from anion exchange column washed with 10 CV prior salt 
gradient.  Lane 5-6: peak fractions from anion exchange column washed with 15 CV prior 
salt gradient.   Lane 7:  peak fractions from anion exchange column washed with 20 CV prior 
salt gradient.    1 µg of LPS standard was loaded in lane 8.   
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presented in Figure 4.6E.  Although, it is difficult to discern the actual amount of LPS, the 

presence of a prominent shoulder by anion exchange chromatography does decrease with 

increasing low salt wash volumes.   Crystallization trials were not attempted on the fractions 

from this experiment due to time constraints.  It is interesting to speculate that the 

disappearance of the shoulder may aid in the formation of highly ordered crystals.  
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4.4 Discussion 

Substantial progress was made towards the acquisition of high-resolution structural 

information of CfrA.  Hundreds of crystallization trials were performed leading to the 

identification of conditions that reproducibly produced large, 3 dimensional and sharp edged 

crystals.  However, the data acquisition from these crystals proved logistically difficult.  At 

the first appearance of crystals, I travelled to McGill University to test the quality of the 

crystals on their home source.  These crystals diffracted poorly (~22 Å).  Membrane proteins 

are known to diffract poorly on home sources due to the relatively weak strength of the 

beam.  The initial trip, to France and the ESRF, approximately a year later, for a period of 4 

months, resulted in a 5 Å model of CfrA.  This data was acquired four days before returning 

to Canada and were from a crystallization plate that had been set up approximately three 

months prior.  Of note, the crystal that resulted in the 5 Å model of CfrA was grown in 

identical conditions as the crystals tested at McGill University.  This large discrepancy in 

diffraction further reinforces the need for consistent access to a synchrotron for the 

acquisition of high-resolution structural information of CfrA. 

Upon my return to Canada, I attempted crystallization trials in the presence of metals 

resulting in crystals of large size with sharp edges grown in the presence of iron.  Crystals, 

grown in the presence of iron, were tested on the home source present at the University of 

Ottawa.  The crystals diffracted to approximately 8Å, a substantial improvement from 22Å 

previously seen via a home source.  This was extremely encouraging as crystals that 

diffracted to 22Å via home source resulted in a 5Å model of CfrA.  A result of 8Å via a 

home source suggested an atomic level model was in the immediate future.  Crystal grown in 

the presence of iron were shipped to the ESRF for a collaborator to test.  The crystals were 
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held at French Customs for 12 hours and upon arrival at the ESRF the dewar and multiple 

loops were damaged.  Most of the crystals were lost possibly due to rough handling.  

 Subsequent trips for two months yielded no improvement in resolution.  It is interesting to 

speculate that incubation time played a role in the increased resolution seen for the one 

crystal.  As mentioned, approximately 162 crystals were tested at the ESRF.  162 crystals is a 

relatively small number considering the target is a membrane protein.  Perhaps with more 

consistent access to synchrotron facility an increase number of crystals could have been 

tested yielding a high-resolution structure.   

The model at 5Å did provide some informative information.  The average non-protein 

content of protein crystals is approximately 40% (169).  In contrast, the non-protein content 

of the CfrA crystal was calculated to be 60% non-protein, demonstrating a large volume of 

the crystal was either solvent or the micellar belt.  This would greatly reduce protein-protein 

crystal contacts.  Reducing the detergent concentration may improve the ability to form 

crystal contacts.  Note that reducing the detergent concentration from 0.1% to 0.05% LDAO 

resulted in fragile crystals.  Exploring detergent concentrations between 0.1% and 0.05% 

may yield an intermediate between increased diffraction and relatively robust crystals.  

Perhaps the large loops are obstacles with respect to protein-protein contacts; if so, limited 

proteolysis may produce a more compact core aiding in the close association between 

monomers necessary for protein-protein contacts. 

The CfrA construct produced and characterized in Chapter 3 and used for crystallization in 

Chapter 4 has a 10-histidine tag linked to the cfrA gene through an enterokinase cleavage 

site.  Enterokinase proved extremely inefficient at cleaving the histidine tag under the 
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conditions tested.  The production of a new construct with Herpes simplex (HRV) 3C 

protease site would be a priority.  Other groups have had success with internal affinity tags 

(161).    

Although, high-resolution structural information was not acquired for CfrA during the course 

of this research, I’m confident, given access to the proper equipment, the structure of CfrA 

can be solved at high resolution. 
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5 THE EXPRESSION, PURIFICATION, AND STRUCTURAL 

CHARACTERIZATION OF THE ISOLATED PLUG 

DOMAIN 
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5.1  Introduction 

The mechanism of transport through TonB dependent transporters is controversial.  Ferric-

siderophores are known to bind to the extracellular side through interactions with residues 

from both the barrel and plug domains.  The binding of a ferric-siderophore leads to a 

conformational change in the TonB box, which is located at the N-terminus of the plug 

domain, and extends into the periplasmic space.  The TonB box then interacts with the TonB 

complex, which extends up from the cellular membrane towards the outer membrane.  The 

physical interaction between the TonB complex and the TonB box leads to an energy 

dependent conformational change in the plug domain that facilitates transport of the ferric-

siderophore (107).  The physical interaction may lead to an energy-dependent TonB 

mediated increase in tension on the plug domain (TonB may pull on the plug) leading to 

partial unfolding and thus the creation of a path for transport of ferric-siderophore across the 

membrane (170).  Alternatively, the energy provided by the TonB complex may facilitate 

amino acid side chain rearrangement within the barrel forming a channel to allow the ferric-

siderophore into the periplasm.  Given the size of ferric-siderophore and position of the plug 

domain, some form of conformation change in the plug domain is required for transport 

(32,171,172).  The plug thus exhibits a dynamic structure, an understanding of which is 

essential for understanding transport.  

The plug domain is approximately 17 kDa, soluble and thus amendable to NMR.  However, 

structural characterization by NMR requires an isotopically labeled pure protein sample.  The 

objective of this project was to gain insight into the conformational dynamics of the plug 

domain and its involvement in mechanism of transport by NMR techniques.  This chapter 
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describes the cloning, expression, purification and preliminary NMR analysis for the isolated 

plug domain.     
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5.2 Experimental Procedures 

5.2.1 Constructs.  The plug domain was constructed using pCN10 as a template using PCR 

with primers listed in Table 5.1. PCR was preformed in an Eppendorf Mastercycler Gradient 

(Eppdendorf) with 30 cycles of 94°C for 15 s, 55°C for 30 s, and 68°C for 1 min. PCR 

products were ligated into the pET20b vector (Novagen).  The ligation mixture was 

transformed into chemically competent E. coli XLI-Blue without further manipulation.  

Resulting transformants were screened for plasmids of appropriate size and digested checked 

for presence of insert.  Inserts were sequenced for sequence integrity.  The final plasmid used 

in these studies was designated pPLUG. 

5.2.2 Plug expression in LB.  Chemically competent E.coli strain C41(DE3) was 

transformed with pPLUG and grown on Luria-Bertani (LB) Broth plates supplemented with 

100 µg/ml of ampicillin (Amp100).  After overnight incubation, single colonies were sub 

cultured into 50 ml of LB broth supplemented with Amp100 and incubated approximately 18 

hours at 37°C.  Cultures were then diluted 1:100 into fresh LB broth supplemented with 

Amp100 and placed at 37°C.  Protein expression was induced at an optical density at 600 nm 

of 0.6 by the addition of 0.2 mM IPTG (MBI fermentas) for 3 hours 37°C.  The culture were 

pelleted, resuspended in lysis buffer (0.3 M NaCl, 0.05 M NaH2PO4 [pH 7.0]) and frozen 

until use. 

5.2.3 Plug expression with 15N-labelled NH4Cl in M9 Minimal Media.  Chemically 

competent E.coli strain C41(DE3) was transformed with pPLUG and grown on LB agar 

plates with Amp100.   After overnight incubation, single colonies were sub cultured into 50 
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Table 5.1.  Primer sequences designed for construction of the isolated plug domain sequence 

CfrA-5-Bam-10-His GCGCGGATCCGCACCACCACCACCACCACCACCACCACCACG
ACGACGACGACAAGCAAAATGTAGAACTAGATAGC

Plug-3-Xho-stop GCGCCTCGAGTTATTTATCACTTACTTT

Primer Sequence

a
Enzyme cleavage sites for cloning purposes are underlined.
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ml of LB broth supplemented with Amp100 and incubated approximately 18 hours at 37°C.   

Cultures were diluted 1:20 into 1 L of fresh LB broth supplemented with Amp100 and placed 

at 37°C.  Once an optical density of 0.6 was reached, the culture was pelleted by slow speed 

centrifugation and resuspended in 1 L of fresh M9 minimal media (0.05 M Na2HPO4, 0.02 M 

KH2PO4, 0.02 M MgSO4, 0.02 M glucose, 0.01 % (v/v) of Gibco MEM Vitamin Solution 

(Life technologies), and 0.0001 M CaCl2) supplemented with 0.02 M 15N-labelled NH4Cl 

(Sigma) and Amp100.  After a 1 hour acclimatization the cells were induced with a final 

concentration of 0.2 mM IPTG for 3 hours. 

5.2.4 Plug purification.  The resuspended cells were lysed by sonication and the soluble 

fraction isolated by slow speed centrifugation.  The soluble proteins were incubated for 1 

hour at 4°C with 5ml of Superflow cobalt based resin (Talon).  The resin was pelleted and 

resuspended in 10 ml of lysis buffer twice before being placed in a disposable column and 

washed with three column volumes (CV) of lysis buffer followed by 6 CV of lysis buffer 

supplemented with 0.01 M imidazole.  The plug was then eluted with lysis buffer 

supplemented with 0.05 M imidazole.  Protein fractions were concentrated using a Centricon 

10 kDa cutoff concentrator and further purified using a Superdex200 gel filtration column 

(GE healthcare) in gel filtration buffer (0.15 M NaCl  and 0.025 M Tris-HCl [ pH7.0]) .   

5.2.5 Fourier Transform Infrared Spectroscopy (FTIR).   Hydrogen/deuterium infrared 

spectra were recorded on a Digilab (now Agilent Technologies; Santa Clara, CA) FTS40 

spectrometer using a Golden-GateTM attenuated total internal reflection accessory (SpecAc; 

Oprington, Kent, U.K.).  3 µl of the plug (~1 mg/ml) in gel filtration buffer were dried down 

onto the accessory under a gentle stream of N2 gas.  After collecting a 128 scan spectrum at 

4cm-1 resolution, 4 µl of 2H2O was added and another 128 scan spectrum collected.  For the 
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more detailed amide I band analyses and for thermal stability measurements, approximately 

200 µg of the plug was deposited on a CaF2 window with a gentle stream of N2 gas followed 

by rehydration with 8 µL of 2H2O.  A 4000 scan spectrum was recorded at 2 cm-1 resolution 

and 22.5°C on a Digilab (now Agilent Technologies; Santa Clara, CA) FTS7000 

spectrometer.  128 scan spectra were then acquired at 1˚C intervals from 35°C – 75°C.  The 

temperature was varied with a computer controlled circulating water bath, with 20 min 

equilibrations between temperatures.  Spectra were analyzed using GRAMS/AI software 

(Thermo Scientific; Waltham, MA).  Residual water vapor was subtracted using the method 

of Reid et al (173).  Resolution enhancement was performed between 1900cm-1 and 1300cm-

1 using a γ = 8 and a bessel smoothing function set to 75%.  Thermal denaturation was 

measured as the change in intensity at 1617 cm-1 and was evaluated using Graphpad Prism 

(La Jolla, CA).  
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5.3 Results 

5.3.1 Expression of the plug domain.  The plug domain was cloned from the full length 

pCN10 construct with a N-terminal 10His tag and was placed into a pET20b vector under the 

control of the T7 promoter.  The expression of the plug was first optimized in LB broth.  The 

IPTG induced expression of the construct was monitored in E. coli strain C41, as full length 

CfrA expressed at optimal levels in this cell type (159).  Robust expression was seen after 3 

hours induction with 0.0002 M IPTG (Figure 5.1A-top panel).   

To produce isotopically labeled protein for NMR studies, the protein must be expressed in 

minimal media supplemented with the isotopically labeled metabolite to facilitate the 

incorporation of the isotopically labeled atom into the protein of interest.  Initially, the 

overnight  cultures were diluted 1:20 into 200 ml of fresh M9 minimal media supplemented 

with Amp100 and placed at 37°C.  Once an optical density of 0.6 was reached, the culture was 

pelleted by slow speed centrifugation and resuspended in 1 L of fresh M9 minimal media.  

After a 1 hour acclimatization the cells were induced with a final concentration of 0.0002 M 

IPTG for 4 hours.   Unfortunately, this protocol did not produce the required amount of 

protein for NMR experiments.  In agreement, E. coli strain BL21, the parental strain of C41, 

has been shown to grow sub optimally in M9 minimal media (137,174).  Marley et al 

showed that growth of the initial cell mass in LB broth does not effect the incorporation of 

the isotopically labeled atom into the expressed proteins when cells are pelleted and then 

transferred into M9 minimal media prior to protein expression (175).  The initial cell growth 

in :B broth followed by induction of the plug domain in minimal media allowed production 
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Figure 5.1 

Purification and structural characterization of the plug domain. (A) Expression of the plug 
domain in C41 E. coli cells in ( i ) LB and ( ii ) M9 Minimal Media. The plug expressing 
C41 E.coli cells were grown to an optical density of 0.6 and induced with the indicated 
concentration of IPTG for 3 hours.  Note: an additional one hour of acclimatization was 
needed prior to induction for the plug expressed in minimal media; lane 1: prior to induction, 
lane 2: three hours post induction with 0.2 mM IPTG, and lane 3: 3 hours post induction with 
1 mM IPTG. Arrows denotes the protein band that represents the plug domain.  (B) 
Summary of the plug domain purification protocol.  The soluble fraction was isolated from 
lysed C41 E. coli resuspended in lysis buffer by slow speed centrifugation (lane 1), washed 
three times with 10 ml of lysis buffer (lane 2-4) followed by a 30 ml wash with lysis buffer 
supplemented with 10 mM imidazole (lane 5).  The plug domain was eluted off the cobalt 
resin with lysis buffer supplemented with 50 mM imidazole (lane 6), concentrated (lane 7), 
subjected to size exclusion chromatography (lane 8) and concentrated for subsequent 
analysis (lane 9).  Arrows denotes the protein band that represents the plug domain.    
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of a sufficient amount of protein for structural studies (~1 g of purified plug / 1 L of culture) 

(Figure 5.1A-bottom panel).   Briefly, the overnight  cultures were diluted 1:20 into 200ml of 

LB broth supplemented with Amp100 and placed at 37°C.  Once an optical density of 0.6 was 

reached, the cells were then isolated by slow speed centrifugation, resuspended in M9 

minimal media with 15N-labelled ammonium chloride and allowed to acclimatize for 1 hour 

followed by a 3 hour induction with 0.2 mM IPTG.    

5.3.2 Purification of plug.  The soluble protein fraction was isolated and subsequently 

purified by immobilized metal affinity chromatography charged with cobalt (Clontech).  

Batch binding followed by an extensive washing procedure allowed elution of relatively pure 

plug with 0.05 M imidazole (Figure 5.1B).  Small scale purification revealed that the plug 

remained bound to the resin in the presence of 0.01 M imidazole with a large amount eluting 

in the presence of 0.05 mM imidazole (data not shown).  Further washing with 0.15 M 

imidazole revealed that the majority of the protein had been displaced; thus, the plug was 

eluted off the column with 0.05 M imidazole.  A subsequent size exclusion chromatography 

step resulted in the isolation of pure plug.  

Of interest during the purification, the plug domain purifies as two peaks on the gel filtration 

column (Figure 5.2A).  Isolation of one peak followed by reapplication to the size exclusion 

column results in the redistribution of the sample into two peaks suggesting an equilibrium 

between two states (Figure 5.2A).  NATIVE PAGE revealed the presence of two bands; 

whereas, SDS-PAGE show a single band further suggesting an equilibrium. (Figure 5.2B & 

5.2C).    
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Figure 5.2 

The re-distribution of the plug demonstrated by size exclusion chromatography. (A)  The 
plug domain was expressed and purified as described previously.  The final trace for the 
purified plug domain is presented in blue.   The peaks at 14.8 ml (peak 1) and 15.5 ml (peak 
2) were isolated and concentrated.  The sample isolated from peak 1 was reapplied to the size 
exclusion column to yield the red trace.  The sample isolated from peak 2 was reapplied to 
the size exclusion column to yield the green trace.  Peak 1 was isolated from both the red and 
green trace and reapplied to the size exclusion column and produced the purple trace.   Peak 
2 was also isolated from both the red and green trace and reapplied to the size exclusion 
column producing the black trace.   Note the redistribution of the peaks. (B) SDS-PAGE Gel 
of the experiment describe in (A); lane 1: peak 1 from the blue trace, lane 2: peak 2 from the 
blue trace, lane 3: peak 1 from the green trace, lane 4: peak 1 from the red trace, lane 5: peak 
2 from the green trace, and lane 6: peak 2 from the red trace.    (C) NATIVE PAGE of 
purified plug domain. The plug domain was purified from LB (lane 1-2) or M9 Minimal 
Media (lane 3-4) and approximately 6 µg were subjected to NATIVE PAGE analysis.  
Samples were run in duplicate.  
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5.3.3 Structural and Biophysical characterization of the plug domain.  The N-terminal of 

TBDT adopts a characteristic structure.  A previous homology model of the plug domain 

suggests that the domain adopts a structure comparable to the N-terminal of other 

siderophore transporters (159).   The plug domain is a mixed αβ globular structure.  I used 

Fourier transform infrared spectroscopy (FTIR) to determine whether affinity purified plug 

exhibits the structural and biophysically properties predicted for the isolated plug domain.  

FTIR spectra of the isolated plug domain dried from 1H2O buffer and rehydrated in 2H2O are 

presented in Figure 5.3A.   The spectra exhibit intense protein vibrations between 1700 cm-1 

and 1600 cm-1 and centered near 1545 cm-1 (1H2O) or 1450 cm-1 (2H2O).   

The secondary structure of the plug domain was qualitatively assessed by analyzing the 

protein amide I band (1600 to 1700 cm-1), which is due to the C=O stretching vibration of the 

polypeptide backbone coupled to both N-H in-plane bending and C-N stretching (145) 

(Figure 5.3A).  The amide I band is particularly useful as specific secondary structural 

elements absorb at distinct wavenumbers.  α-helices absorb between 1648cm-1 and 1660cm-1 

and β -sheets absorb between 1625cm-1 and 1640cm-1 (146).  In 2H2O, the amide I band is 

broad and asymmetric with a maximum at 1639 cm-1 and a prominent shoulder around 1660 

cm-1.  Resolution enhancement reveals the component bands that contribute to the amide I 

contour (Figure 5.3B).  The prominent peaks centered at 1634cm-1 and 1657cm-1 represent β-

sheet and α-helical structures respectively  consistent with the predicted secondary structure 

of the plug domain as a mixed αβ structure (146).  

The amide II band, which is due to in-plane N-H bending coupled to C-N stretching, 

undergoes a downshift to in frequency from 1545cm-1 to 1450 cm-1 upon exchange of 

peptide N-1H to N-2H.  Thus the relative intensity at 1545 cm-1 provides a measure of the 
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Figure 5.3 

Structural characterization of the plug domain by FTIR.  (A) Infrared spectra of purified plug 
domain recorded after gentle drying from 1H2O buffer (black trace) and rehydrated with 
2H2O buffer (gray trace).  (B)  Resolution-enhanced and curve fit of the amide I band in the 
FTIR spectra of the plug domain.  Peaks identified from the resolution-enhanced spectrum 
were used as an estimation of the secondary structure content.  Spectra were baseline 
corrected between 1,775 cm−1 and 1,325 cm−1. Resolution-enhanced spectral deconvolution 
parameters of γ of 8 and smoothing of 75 % were used.  (C) Thermal denaturation curve of 
purified plug domain recorded after gentle drying from 1H2O buffer and rehydration with 8 
µl of 1H2O buffer.  The curve was fit with a Boltzmann sigmoid from which the Td was 
calculated using Graphpad Prism software.  Spectra were recorded every degree from 35°C 
to 75°C.   
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extent of peptide hydrogen-to-deuterium exchange (145).  The large decrease in intensity at 

1545 cm-1 immediately after exposure to deuterium indicates that the majority of the amide 

protons have undergone N-1H to N-2H exchange.  This is consistent with our previous work 

where the full length CfrA showed a high level of solvent accessibility (159).  The thermal 

stability of the plug domain was also accessed.  The plug domain undergoes thermal 

denaturation with 50% denaturation occurring at approximately 50°C (Figure 5.3C).   

Preliminary 2D Heteronuclear Single Quantum Coherence (HSQC) NMR Spectrum.  A 

preliminary 2D HSQC NMR spectrum was recorded from the purified 15N-labeled plug 

domain.  The spectrum shows approximately the expected number of peaks.  The plug 

construct is composed of 151 amino acids.  In a HSQC spectrum, a peak for each amino acid 

should be observed with the exception of proline ( 7 proline residues in the plug domain).  I 

expect to see approximately 145 peaks.  The peaks are dispersed along the 1H ppm scale 

suggesting that the plug domain is folded.   Unfortunately, detailed analysis of the spectra is 

difficult due to the coexistence of two states as determined by SDS-PAGE, NATIVE PAGE 

and gel filtration analysis (Figure 5.4).   
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Figure 5.4 

Preliminary NMR spectra (1H-15N HSQC) of purified plug domain at 37°C.   The wide 
dispersion of peaks indicate a folded structure; however, the presence of two states 
complicates the acquisition of NMR data for structure determination.  The red circles 
highlight regions associated with folded proteins.  The blue square show the peaks associated 
with glycine residues.   The green square show peaks associated with the side chains of 
glutamine and asparagine. 
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5.4 Discussion 

Substantial progress has been made towards my goals of characterizing the structure and 

dynamics of the isolated plug domain to gain insight into the mechanism of ferric-

enterobactin transport through TBDT.  The isolated plug domain maintains structural 

integrity and exhibits a mixed αβ structure consistent with prediction based on homology 

modeling and previously published characterization of the isolated plug domain from TpbA 

(109,159).  The isolated plug domain has a thermal denaturation temperature of 

approximately 50°C.  Boiling temperatures were required for effective denaturation of the 

full length CfrA.  The substantially lower thermal denaturation temperature of the plug 

domain is consistent with what is known regarding the stability of β-barrel proteins as the 

majority of β-barrel stability is governed by the hydrogen bonding between the β-strands 

(40).   In contrast, the expression and purification of the FepA plug domain resulted in the 

very little secondary structural elements that underwent little to no change by circular 

dichroism upon increasing temperatures (83).  Perhaps, the plug domain of FepA aggregated 

during the purification process due to areas of increased hydrophobic content (see below).  

The rapid and complete 1H-2H exchange of the plug domain was unexpected.  It is known 

that soluble proteins require denaturation followed by refolding to fully complete the 1H-2H 

exchange (145).  For comparison, myoglobin, a soluble protein of comparable size, does not 

undergo complete solvent exchange after immediate or prolonged exposure to 2H2O (176).  

This phenomenon further supports a highly dynamic structure for the isolated plug domain. 
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Sufficient 15N-labelled plug domain was produced for NMR experiments.  The 2D HSQC 

spectra shows roughly the number of peaks expected for the plug domain.  These are well 

dispersed along the 1H ppm scale suggesting a folded structure.  Unfortunately, the 

coexistence of two states after the purification protocol complicates the acquisition of 2D 

HSQC spectra.  Due to time constraints, I was unable to continue with this project.  To move 

forward towards the acquisition of experimental data regarding the dynamics of the plug 

domain, the coexistence of the two states of the plug domain must be eliminated.  Another 

group made the observation that the FepA plug domain purified larger then expected (83).  

Both plug domains from FepA and the homology model of the CfrA plug domain have a 

high percentage of hydrophobic amino acids (~30% and 40% respectively).  A number of 

hydrophobic residues are present on the mixed β -strand that forms the “floor” of the plug 

domain and clearly occludes the transport of large metabolites from the extracellular solution 

into the periplasm (Figure 5.5).  Two monomers of either protein could easily dimerize at 

this interface.  There is also an additional potential dimerization interface on the plug domain 

of CfrA due to the presence of hydrophobic residues located between substrate binding loop 

1 and a substrate binding loop 2.  To circumvent the oligomerization, I would start with 

various mutants eliminating hydrophobic residues on the mixed β-sheet and ideally this may 

elevate the oligomerization of the plug domain. 

The ability of the plug domain to fold independently of the barrel, exist as a distinct domain, 

bind ligand, even though predominantly unfolded, at an affinity about 100 fold less than the 

full length protein, and refold after denaturation supports the hypothesis by which the plug 

domain partially unfolds from the interior of the barrel to allow transport of the ferric 

siderophore (83,108).  I would even speculate partial rearrangement/unfolding is required to 
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Figure 5.5 

Surface representation of the plug domains from (A) FepA (1FEP) (153) and (B) the 
homology model of CfrA indicating hydrophobic residues in blue.  Both structures possess a 
concentration of hydrophobic amino acids on the mixed β -sheet.  The homology model of 
the plug domain for CfrA indicates another location of a hydrophobic residue cluster 
between substrate binding loop 1 and 2 indicated by the red circle.     
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lower the affinity for the ligand facilitating the transfer of the ligand to the periplasmic 

binding protein.  This is supported by affinity measurements.  FepA has a 0.1nM affinity for 

ferric-enterobactin (81).  The isolated plug has been shown to possess an affinity of 

approximately 100 fold less than the full length protein thus approximately 10 nM (83).  The 

periplasmic protein responsible for transporting ferric-enterobactin from FepA to the ATP 

binding cassette, FepB, has been shown to have an affinity for ferric-enterobactin of 35nM 

(177).  Therefore, in order for the plug domain to release the ferric-siderophore, some form 

of conformational change must happen.  The unfolding of the plug domain seems likely as 

reconstitution of FhuA into planar lipid bilayers results in ion conduction in the presence of 

4M urea with ion conduction inhibition when the 4 M urea is subsequently removed 

suggesting some form of unfolding to allow an ion conduction pathway (178).  Taken 

together, the data supports a mechanism by which the plug is partially or completely 

unfolded out of the barrel. 
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PART II 

6 THE ROLE OF INTRAMEMBRANE AROMATICS IN 
PENTAMERIC LIGAND GATED ION CHANNEL LIPID 

SENSING 
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The human brain is the location for information consolidation and thought processes.  The 

ability to observe, play and learn stem from the intricate cellular communication within the 

brain.  Neuronal communication is essential for consciousness and for life as we know it.   

Pentameric ligand-gated ion channels (pLGIC) are membrane proteins involved in fast 

chemical communication between cells in the central nervous system and at neuromuscular 

junctions.  pLGICs are associated with various neurological disorders, such as schizophrenia, 

epilepsy and Alzheimer’s disease, and are prominent targets for  numerous pharmaceuticals 

(3).  pLGICs also play a role in addiction, sedation, anxiety and cognitive disorders (179).  

Even subtle changes in pLGIC activity have profound effects on human biology (180).  

Understanding pLGICs thus has important biological and pharmacological consequences 

(181). 

6.1 Electrical Excitability 

The brain is composed of a vast number of cells called neurons, which are the building 

blocks responsible for the processing and transmission of electrical information.   A typical 

neuron is composed of five functionally distinct regions.  The dendrites are responsible for 

receiving information from the environment and delivering the information to the soma. The 

soma is the central cell body where the electrical information received from the dendrites is 

combined and passed along to the axon hillock.  The axon hillock, with sufficient stimuli, is 

responsible for firing of the action potential.   The axon hillock leads into the axon, an 

elongated fibre, that transmits the action potential to the axon terminus.  The axon endings 

are then responsible for the transmission of information to the adjacent neuron (Figure 6.1).  

The transmission of information both between and within neurons is highly dependent on the 

action of transmembrane ion channels, which ultimately influence membrane potential.  The 
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Figure 6.1 

Schematic diagram of a typical neuron showing the location of the dendrites, soma, axon 
hillock, axon and axon endings. 
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resting membrane potential results from an imbalance of electrical charge across the 

membrane. The imbalance of charge is maintained by the activity of three transmembrane 

proteins: the Na+-K+
 pump and both the Na+ and K+ leak channels.  The Na+-K+

 pump uses 

ATP hydrolysis to actively drive 3 Na+ ions out of the cell and 2 K+ ions into the cell to 

generate a large concentration gradient of both ions across the membrane.  Cell membranes 

are more permeable to K+ ions than to Na+ ions, as there are more K+ leak channels than Na+ 

leak channels.  The K+ ions diffuse down their concentration gradient through the K+ leak 

channels.  The net efflux of K+ ions causes the interior of the neuron to become more 

negative, thus counterbalancing the driving force for K+ efflux.  Na+ ions also diffuse down 

their concentration gradient via the Na+ leak channel into the cell; however, the import of 

Na+ ions is typically matched by the export of Na+ ions by the Na+-K+
 pump. The net balance 

of ions across the membrane gives a neuron a resting membrane potential of approximately -

70mV.   

6.2 Transmission of electrical signals 

Neurons receive information through the reception of chemical or physical stimuli at the 

dentrites, triggering the influx of either cations or anions into the cell, as discussed in more 

detail below.  An influx of cations increases the membrane potential generating an excitatory 

depolarizing current; whereas, an influx of anions decreases the membrane potential leading 

to an inhibitory, hyperpolarizing current.  The strength of the depolarizing or hyperpolarizing 

current is directly proportional to the intensity and frequency of the stimulus.  A single 

neuron may receive both excitatory and inhibitory inputs simultaneously.   Currents initiated 

at different sites within the dendrite combine as they travel along the membrane to the axon 

hillock.  If the summation of the excitatory and inhibitory inputs result in a membrane 
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potential of -55 mV, the threshold point, voltage-gated Na+ channels open, initiating an 

action potential - a transient membrane depolarization.  The influx of Na+ ions, which diffuse 

along the axon results in successive membrane depolarizations, thus propogating the electric 

signal along the length of the axon.  When the action potential reaches the axon terminal, the 

resulting depolarization leads to the activation of voltage-gated Ca2+ channels, resulting in an 

influx of Ca2+ ions increasing the intracellular Ca2+ ion concentration.  This stimulates the 

fusion of neurotransmitter-loaded vesicles with the presynaptic membrane and the 

subsequent release of neurotransmitter into the synaptic cleft (the interface between the two 

neurons). 

6.3 Synaptic communication  

Neurotransmitters released from a presynaptic membrane diffuse across the synaptic cleft 

and bind to neurotransmitter receptors located on the postsynaptic neuron.  There are two 

fundamental types of neurotransmitter receptors: ionotropic and metabotropic receptors.   

Ionotropic receptors are transmembrane proteins that form ligand-gated ion channels.  These 

receptors act directly on neuronal membrane potential.  Binding of neurotransmitter to a 

ligand gated ion channel induces a conformation change within the protein resulting in the 

opening of the ion channel.  The rapid influx of ions causes a local 

depolarization/hyperpolarization of the membrane, initiating the transmission of the 

electrical signal in the post synaptic neuron thus continuing the conduction of information 

(Figure 6.2) (182).   

Metabotropic receptors are transmembrane receptors that act indirectly through the activation 

of a secondary messenger.  For example, binding of agonist to a G-protein coupled receptor, 

a metabotropic receptor, induces a conformational change in the receptor, initiating the 
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Figure 6.2 

A simplified view of neurotransmission.  The steps involved in communicating an action 
potential from one neuron to another (or to a muscle cell) via a chemical intermediate are 
labeled and outlined in the figure and text. 
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release of activated G proteins.  The G proteins then bind to ion channels  influencing their 

activity thus modulating neuronal membrane potential (183).    

The complex relationship between excitatory/inhibitory input and ionotropic and 

metabotropic receptors presents various means to modulate the strength of a synaptic 

response. Synaptic communication, neurotransmitter, and neurotransmitter receptors are of 

increasing interest as evidence suggests a prominent role in neuroplasticity and 

neurodegenerative diseases (184-186).  Synapses are known to decrease in number during 

neurodegenerative diseases.  Increased understanding of synaptic communication may thus 

shed light on alternative approaches to treating neurodegenerative diseases (187).    

6.4 Pentameric Ligand Gated Ion Channels  

The second part of my thesis research focused on the superfamily of pentameric ligand gated 

ion channels (pLGICs), which, as noted, are central to fast synaptic communication.  There 

are two main types of pLGICs based on ion selectivity.  The cation selective excitatory 

channels include the nicotinic acetylcholine (nAChR), the serotonin (5HT3R ) and the zinc 

(ZAC) receptors, while the anionic inhibitory selective channels include the γ-aminobutyric 

acid (GABAA and GABAA-ρ) and the glycine receptor (GlyR).  Both excitatory and inhibitory 

pLGICs assemble from multiple subunits into homopentamers or heteropentamers.  For 

example, neuronal nicotinic nAChRs form from different combinations of α-subunits (α2 – 

α10) and non-alpha subunits (β2-β4).  The combination of several different subunits and the 

capacity to form heteropentamers provides a wealth of structural and functional diversity 

(188). 
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6.5 The Prototypic Member of the pLGICs 

The prototypic pLGIC, the nicotinic acetylcholine receptor (nAChR) from Torpedo, is a 270 

kDa transmembrane protein formed from four homologous subunits arranged in an α2βγδ 

stoichiometry.  The Torpedo nAChR is homologous to both human muscle type and neuronal 

nAChRs.  Due to both its homology and high natural abundance, the Torpedo nAChR has 

been studied extensively and will be a prominent focus of this introduction on pLGICs (188).  

The nAChR exists in a conformational equilibrium between an agonist responsive resting 

state and an agonist unresponsive desensitized state.  Binding of agonist to the resting state 

induces a conformation change in the receptor to an open state allowing the flow of cations 

through the ion channel.  Prolonged exposure to agonist induces a conformational change to 

a desensitized state where the receptor binds agonist but no longer conducts ions.    

In 2005, a refined model of the nAChR structure at 4 Å was solved by cryo-electron 

microscopy (cyro-EM) (Figure 6.3A) (189).  The cyro-EM structure shows that the 5 

subunits (α2βγδ) arrange pseudo-symmetrically around the central pore forming the ion 

channel.  Each subunit includes an N-terminal extracellular domain (ECD) consisting of an 

N-terminal α-helix followed by a β-sandwich formed from 10 β-strands (β1-β10), 4 

transmembrane α-helices (M1-M4), and a cytoplasmic domain (CD).  The transmembrane 

(TM) α-helices from the 5 subunits arranged concentrically with M2 from each subunit 

lining the pore, M1 and M3 shielding M2 from the lipid environment, and M4 in direct 

contact with the lipid environment (Figure 6.3B) (190).  The agonist binding site is situated 

in the ECD at the interface between α and δ and α and γ subunits, while the ion channel 

resides approximately 50 Å away in the transmembrane domain (TMD) (189).  The 

permeation pathway is occluded by a constriction near the center of the bilayer formed by 

117



 

Figure 6.3 

The 4Å cyro-electronmicroscopy structure of the nAChR from Torpedo Californica (2BG9) 
(189). (A) The nAChR structure in the plane of the membrane.  Colored to highlight the 
functional agonist binding (red), transmembrane gating (blue), and cytoplasmic (green) 
domains.   (B) The TM helices of the nAChR shown from the extracellular solution 
illustrating the circular arrangement with M2 lining pore, M3 and M1 shielding M2 from the 
lipid environment and M4 in direct contact with the lipid environment.  Side chains of 
residues forming part of the channel gate (αL251 and αV255, as well as analogous β-,γ-, and 
δ-subunit residues) are shown in yellow spheres. 



αɣ

β

ɣ

δ

M4M2

M1

M3

A

B

~90˚

αδ

118



hydrophobic residues (αL251 (9’), αV255(13’)), and analogous residues on the adjacent 

subunits. This constriction is too narrow (6 Å) to allow the flow of hydrated ions (8 Å), and 

too hydrophobic to compensate for the loss of the hydration shell surrounding the positive 

ion (191,192).  How agonist binding leads to channel gating is still a matter of speculation.  

6.6 pLGIC Agonist  Binding  

Knowledge regarding agonist binding to the nAChR was originally obtained from crystals 

structures of the acetylcholine binding protein (AChBP), a homolog of the nAChR agonist 

binding domain (193,194).   The homo-pentameric AChBP is present at the synaptic cleft of 

mollusks, and acts to modulate the synaptic response by sequestering acetylcholine (193).  

The AChBP subunits exhibit the highest degree of homology with the nAChR α7 and α9 

subunits (194,195).  Each subunit of the AChBP includes a short N-terminal α-helix 

followed by a β-sandwich formed from 10 β-strands (β1-β10), similar to the ABD of the 

nAChR (194). Residues in the AChBP that are involved in agonist binding are conserved 

across the nAChR family (193).  Three orthologs have been studied extensively and have 

been shown to bind known AChR agonists (carbamylcholine, acetylcholine, nicotine, and 

epibatidine) and antagonists (the conotoxin ImI, methyllycaconitine, and α-bungarotoxin) 

(193,196-198).  The significant homology and similar pharmacological profiles of AChBP 

with the nAChR has lead to the use of the AChBP to determine the molecular determinants 

of agonist binding in the nAChR.   

The binding site is located at the interface between subunits with contributing residues from 

both subunits, designated the principal and complementary subunits.  The principal subunit 

contributes residues from loops A, B, and C (grey in Figure 6.4) while the complementary 

subunit contributes residues from loops D, E, and F (taupe in Figure 6.4B).  Conserved 
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Figure 6.4 

Agonist Binding to the AChBP.  (A) Cartoon representation of the AChBP with (1UV6) 
(197) and without agonist (2BYQ) (196) showing the large movement of the C-loop upon 
agonist binding.  The N-terminal of AChBP and the agonist are not shown for clarity. (B)  
Agonist binding site for the AChBP showing key residues from the principal subunit (grey) 
in purple (W143, Y89, Y192 and Y185) and key residues from the complementary subunit 
(taupe) in teal (W53, M114, and L112).   
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aromatic residues on loops A (Y89), B (W143) and C (Y185 and Y192) on the principal 

subunit form an “aromatic box” around the charged amine of the bound agonist contributing 

cation-π interactions (Figure 6.4B; residue numbering corresponds to Lymnaea stagnalis 

AChBP) (191). The complementary side contributes additional aromatic contacts through 

Trp53 (loop D) and hydrophobic contacts through Leu112 and Met114 (both loop E).   The 

participating residues from the complementary subunit vary between orthologs accounting 

for AChBP ortholog specific binding affinities (193).   

In the unbound state, loop C of the principal subunit extends away from the protein allowing 

agonist access to the binding site.  In the agonist bound state, loop C transitions 

approximately 7 Å towards the channel pore effectively capping the binding site and burying 

the bound agonist (Figure 6.4A) (191,196,197).  Interestingly, loop C is further removed 

from protein forming a bigger cavity in the antagonist bound state.  In total, loop C has the 

ability to move approximately 11 Å in order to facilitate binding (191). 

6.7 Coupling Binding to Gating 

As noted, agonist binding leads to a conformation change in the C-loop which in turn leads 

to gating of the ion channel located in the TMD approximately 50 Å away (189).  

Transmission of signal demands the involvement of the interface between the two distinct 

domains: the ECD and TMD (199).  Studies of pLGIC chimeras show that the 

complementarity at this interface is essential for efficient coupling of agonist binding to 

channel gating (199-201).  Although a covalent interaction is present between the ECD (β10) 

and TMD (M1), contact between the ECD and the TMD is mediated primarily by non-

covalent interaction between loops of the ECD (β1-β2, β6-β7 and β8-β9) and the M2/M3 

linker of the TMD (Figure 6.5) (189).  In the nAChR structure, αArg 209 located on pre-M1 
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Figure 6.5 

The interface between the agonist binding and transmembrane domains.  A single subunit of 
the nACHR (2BG9) viewed from the plane of the membrane, highlighting the coupling 
interface (dashed box) and the “vice”-like interactions of both the β1-β2 loop and β6-β7 loop 
with the M2-M3 linker .  Post-M4 is colored orange.  Β6-β7 loop is colored green (residues 
αV132 and αF135 are represented as spheres).  β1-β2 loop is colored blue (residues αE35 
and αV46 are represented as spheres).  M2-M3 linker is colored purple (αP272 is represented 
as spheres). 
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(amino acids bridging β10 and M1) extends into the hydrophobic interior of the ECD to form 

a salt bridge with αGlu45 on the β1-β2 loop.  This electrostatic interaction allows the 

positioning of adjacent αVal46 with αGlu45 to form an inverted “V” surrounding αPro272 

situated on the M2-M3 linker. Residues from the β6-β7 (αV132 and αF135) also form an 

inverted “Y” further securing the position of the M2-M3 linker (191).  The formation of a 

clamp-like structure from residues αVal46, αGlu45, αV132, and αF135 of the ECD 

essentially clamping the M2-M3 linker in a specific position likely influencing the 

orientation of the M2 pore upon agonist binding.  

Upon agonist binding, the C-loop sequesters the agonist likely causing a displacement of β10 

and thus αArg209.  Through the electrostatic interaction between αArg209 and αGlu45, the 

β1-β2 loop would be pulled in the direction of the agonist binding site (Figure 6.6).  The 

positioning of αGlu45 and αVal46 of the β1-β2 loop as a “V” surrounding the M2-M3 linker 

would likely influence the positioning in the M2-M3 linker eliciting a change of orientation 

of the pore lining M2 α-helices leading to gating (188).  Although recent cryo-EM structures 

of the closed and open state of the nAChR has led to the proposal that the β-subunit is 

responsible for communicating agonist binding to the pore, mutagenesis studies data suggest 

that the α-subunit is primarily responsible for the transmission of the signal (202).    

6.8 The Uncoupled nAChR  

nAChR function is extremely sensitive to its lipid environment (203-209).  When placed in 

phosphatidylcholine membranes containing cholesterol and anionic lipids, the nAChR gates 

open in response to agonist binding.  In the absence of these activating lipids, the nAChR 

adopts an uncoupled conformation where agonist binding does not induce channel gating 

(Figure 6.7) (209).  Note that functionally uncoupled neuronal nAChRs have been observed 
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Figure 6.6 

The interface between the agonist binding and transmembrane domains illustrating a 
mechanism by which agonist binding may lead to channel gating.  Upon agonist binding, the 
C-loop sequesters the agonist likely displacing β10.  The displacement of β10 pulls β1-β2 
through the interaction between R209 (red sticks) and E45 (blue sticks).  The displacement 
of β1-β2 likely influences the positioning of the M2-M3 linker via “vice”-like interactions 
thus eliciting a change in the pore lining M2 α-helices leading to gating.  
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Figure 6.7 

The conformational equilibrium of the nAChR.  Binding of agonist to the resting state (R) 
induces a conformational change in the receptor to the open state (O).  Prolonged exposure to 
agonist induces a conformational change to a desensitized state (D) where the receptor no 
longer responds to agonist.   An uncoupled state (U) has recently been identified.  In the 
uncoupled state, agonist binding does not lead to channel gating.  
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in heterologous expression systems, suggesting that uncoupling may be a characteristic 

feature of all pLGICs (210,211).  Uncoupled nAChRs could represent a pool of non-

functional receptors that can be awakened to potentiate synaptic communication.  In fact, 

uncoupled nAChRs are able to transition to agonist-responsive “coupled” conformations in 

membranes with relatively thick hydrophobic cores, such as those found in lipid rafts (212).  

As even subtle changes in the pLGIC response can have dramatic effects on synaptic 

communication, transitions from uncoupled to coupled conformations could play an 

important role in pLGIC biology.   

The uncoupled state of the nAChR is characterized by a resting state like binding affinity, 

but an inability to undergo agonist induced conformation change.  The uncoupled nAChR 

also undergoes more extensive peptide N-1H/N-2H exchange, suggesting that regions of the 

protein that are buried from solvent in the resting or desensitized states, become solvent 

exposed in the uncoupled state (212). 

The structure of the nAChR provides insight into the mechanism by which lipids influence 

coupling of binding and gating.  The transmembrane helix M4 is the most lipid exposed 

transmembrane helix and is thus likely involved in translating the biophysical membrane 

properties to the altered protein conformation.  Significantly, the C-terminal of M4 (post M4) 

extends beyond the bilayer to interact directly with the β6-β7 loop which, as noted, plays a 

key role in signal transduction.  The post M4 - β6-β7 interaction may be responsible for 

positioning the β6-β7 loop to optimize interactions between the ECD and TMD.  In the 

model of uncoupling, it has been proposed that the M4 disengages from the helical bundle of 

M1+M3 disturbing the interactions between the ECD and TMD thus causing the ECD to 

disengage from the TMD (Figure 6.8).  On the other hand, a tight association between M4 
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Figure 6.8 

A model of uncoupling.  The model proposes that M4 disengages from the helical bundle of 
M1+M3 disturbing the interactions between the ECD and TMD thus causing the ECD to 
disengage from the TMD.  A tight association between M4 and M1+M3 may promote 
effective interactions between post-M4 (orange) and the β6-β7 loop (green) leading to 
effective interactions ECD and TMD. PA – phosphatidic acid.  Chol – cholesterol.  
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and M1+M3 may promote effective interactions between post-M4 and the β6-β7 loop 

leading to effective interactions between the ECD and TMD.  Effectively, M4 may act as an 

allosteric modulator of nAChR function.   

6.9 A potential role for intramembrane aromatics in uncoupling.  

During heterologous expression in Xenopus laevis oocytes, the homologous glycine receptor 

(GlyR) is proteolytically cleaved within the cytoplasmic M3-M4 loop yielding two separate 

polypeptide fragments of 35 kDa (the ECD all the way to M3) and 13 kDa (M4).  Despite 

proteolysis, the two fragments remain tightly associated in the GlyR pentamer leading to an 

agonist responsive pLGIC (213).  Expression of the 35 kDa fragment alone led to a 

misfolded GlyR that accumulates as intracellular aggregates.  Co-expression of both 

fragments, however, restores both pentamer assembly and function.  Interestingly, the 

restoration of pentamer assembly and GlyR function was found to be highly dependent on 

the formation of aromatic-aromatic interactions at the interface between M4 and M1+M3.  

These experiments demonstrate that there is an equilibrium between M4 associated with 

M1+M3 and M4 solvated by lipid, consistent with the above model of uncoupling (214).  

This observation led to the hypothesis that intramembrane aromatic interactions at the 

M1/M3/M4 interface may influence M4 binding to M1+M3 in the folded state, and may thus 

influence the propensity of a pLGIC to adopt an uncoupled conformation.  

6.10 Prokaryotic pLGICs  

In 2005, several prokaryotic homologs of the nAChR were identified using sensitive 

sequence profile searches (215).  Structures of two prokaryotic nAChR homologs, ELIC and 

GLIC, have subsequently been determined (Figure 6.9A) (216,217).  ELIC is a pLGIC from 

Erwinia chrysanthemi that activates upon binding of primary amines, such as cysteamine 
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Figure 6.9 

3D Structure and TMD aromatics in ELIC, GLIC, and the Torpedo nAChR.  (A) 3D 
structures of ELIC (2VLO; left) (217), GLIC (3EHZ, center) (233) and the Torpedo nAChR 
(2BG9, right) colored to highlight the functional agonist binding (red), transmembrane gating 
(blue), and cytoplasmic (green) domains.  (B) Structure of a single TMD from each pLGIC 
(α-subunit for the nAChR) highlighting differences in the coupling interface.  Significantly, 
post-M4 of ELIC is absent in the crystal structure.  In addition the β6-β7 and the β1-β2 loops 
only form weak interactions with the M2-M3 linker.    
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(218).  GLIC is a pLGIC from Gleobacter violaceus that activates in response to the binding 

of protons (i.e. a decreases in extracellular pH) (219).  The overall architecture of the 

prokaryotic pLGICs is strikingly similar to that of the nAChR (Figure 3.9A).  Both ELIC and 

GLIC possess an N-terminal extracellular domain (ECD), consisting of a N-terminal α-helix 

followed by a β-sandwich formed from 10 β-strands (β1-β10), and 4 transmembrane 

α-helices (M1-M4) (216,217).  One marked difference between the prokaryotic homologs 

and the nAChR is the absence of the cytoplasmic domain in ELIC and GLIC.   

There are, however, some surprising differences between the prokaryotic pLGIC structures 

and that of the nAChR.  As noted in the nAChR structure, post M4 extends beyond the 

bilayer interacting with the β6-β7 loop facilitating tight association of M4 with the M1+M3.  

The β6-β7 and β1-β2 loops also form vice like interactions with the M2-M3 linker (191).  In 

contrast, in ELIC M4 is displaced from the remaining helical bundle M1+M3 with no 

interactions between post-M4 and the β6-β7 loop.  In fact, the post M4 of ELIC (RGTIL) is 

absent in the crystal structure suggesting a highly mobile structure.  In addition, the β6-β7 

and β1-β2 loops form only weak interactions with the M2-M3 linker (Figure 6.9B).  These 

structural features are strikingly similar to the structural changes proposed for the uncoupled 

nAChR.  It has been suggested that detergent-solubilization of ELIC leads to an uncoupled 

conformation (191).  The latter interpretation is supported by a recent crystal structure of an 

ELIC mutant.  Even though this mutant, when expressed in Xenopus oocytes, gates open in 

response to agonist binding and exhibits no propensity to desensitize, no change in pore 

diameter was observed upon agonist binding to the crystallized ELIC, suggesting that the 

crystallized structure corresponds to an uncoupled state (220). 

Comparisons between the nAChR, GLIC and ELIC reveal a gradient of aromatic residues at 
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the interface between M4 and M1+M3 (Figure 6.10).  The nAChR possesses the fewest 

aromatic interactions at the M1/M3/M4 interface, with ELIC and GLIC exhibiting an 

increasing number of intramembrane aromatic interactions.  In light of the discovery that 

aromatic-aromatic interactions play a key role driving interactions between M4 and M1+M3, 

the model of uncoupling predicts that the nAChR would exhibit a greater propensity to adopt 

an uncoupled conformation than either GLIC or ELIC (214).  Preliminary functional studies 

of membrane-reconstituted GLIC supports this interpretation (221).  The nAChR, with very 

few aromatic interactions, adopts an uncoupled receptor in phosphatidylcholine (PC) 

membranes lacking anionic lipids and cholesterol.  As noted, the uncoupled nAChR is 

characterized by inability to undergo agonist induced conformational change, and increased 

levels of peptide 1H-2H exchange relative to GLIC in control asolectin membranes.  In 

contrast, GLIC, with an abundance of aromatic interactions, retains the ability to undergo 

agonist induced conformational change in PC membranes and exhibits no change in peptide 

1H-2H exchange compared to GLIC in control membranes (221).  As ELIC contains an 

intermediary amount of aromatics at the interface, we predict that ELIC will exhibit an 

intermediate propensity to adopt an uncoupled conformation.  Comparing/contrasting their 

structural and functional sensitivities to lipids thus provides an opportunity to gain insight 

into the mechanisms by which lipids influence pLGIC function.    

 

The goal of the work presented in this section was to test the hypothesis that intramembrane 

aromatics play a role in the coupling of binding and gating and thus ultimately in the lipid 

sensitivities of pLGIC.  We predict that the reduced number of aromatic interactions at the 

interface between M4 and M1+M3 in ELIC should lead to an increased propensity to adopt 

an uncoupled conformation when compared to GLIC, and a decreased propensity to adopt an 
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Figure 6.10 

Structure of a single TMD from nAChR (2BG9, left) (189), ELIC (2VLO; center) (217), 
GLIC (3EHZ, right) (233) and the Torpedo nAChR (α-subunit for the nAChR) (189) 
highlighting aromatic residues on M1, M3, and M4 as yellow sticks. 
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uncoupled conformation when compared to the nAChR.  To test this hypothesis, I developed 

a protocol for the expression, purification, and membrane reconstitution of ELIC.  I also 

explored, through heterologous expression in Xenopus laevis oocytes, the effect of 

intramembrane aromatic additions to ELIC on the coupling of agonist binding to channel 

gating.  The results of these experiments support our model of uncoupling, but also suggest 

that intramembrane aromatic residues may play a role dictating the efficiency of gating and 

thus the susceptibility of different pLGICs to potentiation. 
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7 MANUSCRIPT: 
2.  Casey L. Carswell and John E. Baenziger (2014) The ligand-gated ion channels ELIC 
and GLC exhibit distinct structural and functional sensitivities to lipids. Submitted to the 
Journal of Biological Chemistry. 
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7.1 Preface 

This is the second of three manuscripts included in this thesis.  This manuscript was first 

submitted to the Journal of Biological Chemistry (Jan, 2014).  This paper focuses on the lipid 

sensitivities of prokaryotic homologs of the pLGIC.  Using FTIR techniques, this work 

shows that two prokaryotic homologs of the pLGIC exhibit different functional sensitivities 

to their surrounding lipid environments. 

 

I expressed, purified, reconstituted, and collected all FTIR experiments presented in this 

manuscript.  Purified nAChR was supplied by Daniel Therien and Jiayin Sun.  I wrote the 

manuscript in collaboration with my supervisor. 
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7.2 Abstract 

The prokaryotic pentameric ligand gated ion channels (pLGIC) GLIC and ELIC are excellent 

models for probing the molecular basis of pLGIC function.   We compare here the structures, 

thermal stabilities, and lipid sensitivities of membrane reconstituted GLIC and ELIC.  While 

both membrane reconstituted proteins exhibit similar biophysical properties, the thermal 

stability of ELIC is lower and its structural integrity more sensitive to environmental factors 

than that of GLIC.  In particular, the ability of ELIC to undergo agonist-induced channel 

gating is sensitive to the composition of its surrounding membrane environment, while that 

of GLIC is not.  Structural comparisons suggest that aromatic interactions play a role in the 

packing of transmembrane α-helices and thus in transmembrane domain stability.  Increasing 

transmembrane domain stability may correlate inversely with structural and functional lipid 

sensitivity. 
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7.3 Introduction 

The ability of the nicotinic acetylcholine receptor (nAChR) to undergo agonist-induced 

channel gating is sensitive to lipids (181,206,207,222-224).  Varying levels of both 

cholesterol and anionic lipids in phosphatidylcholine (PC) membranes stabilize varying 

proportions of agonist-responsive nAChRs (207,209,225-227).  In PC membranes lacking 

both activating lipids, the nAChR adopts an uncoupled conformation that binds agonist, but 

usually does not undergo agonist-induced conformational transitions (208,212).  The lipid 

exposed transmembrane α-helix M4 from each subunit likely plays a role in lipid sensing 

(189,228-231).  One model proposes that lipids modulate the binding of M4 to the adjacent 

transmembrane α-helices, M1 and M3, with M4 binding promoting effective interactions 

between the transmembrane domain (TMD) and the agonist binding domain (ABD) to 

enhance channel gating (208,212).   

Definitive insight into the mechanisms of lipid-sensing in pentameric ligand-gated ion 

channels (pLGICs) will require the ability to characterize the effects of changing lipid 

environments on site-directed mutants designed to test specific mechanistic hypotheses, such 

as the M4 lipid-sensor model described above.  In contrast to the nAChR (232), the 

homologous prokaryotic pLGICs, GLIC and ELIC (Figure 7.1A), are both expressed in 

relatively large quantities in E. coli and are thus amenable to such biophysical studies.  

Preliminary experiments show that membrane-reconstituted GLIC is more stable (i.e. a 

higher denaturation temperature) and has a reduced structural/functional sensitivity to lipids 

than the nAChR.  In membranes that lock the nAChR in an uncoupled conformation, GLIC 

retains the ability to undergo agonist-induced channel gating (221).   
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Figure 7.1 
 

3D Structure and TMD aromatics in ELIC, GLIC, and the Torpedo nAChR.  (A) 3D 
structures of ELIC (2VLO; left) (217) (, GLIC (3EHZ, center) (233) and the Torpedo 
nAChR (2BG9, right) (189) colored to highlight the functional agonist binding (red), 
transmembrane gating (blue), and cytoplasmic (green) domains.  (B) structure of a single 
TMD from each pLGIC (α-subunit for the nAChR) highlighting aromatic residues on M1, 
M3, and M4 as yellow sticks. 
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Structural comparisons reveal an extensive network of aromatic residues in the TMD of 

GLIC, but relatively few aromatics in the Torpedo nAChR (Figure 7.1B).  Given that 

aromatic interactions promote the binding of the M4 “lipid sensor” to the adjacent 

transmembrane α-helices, M1 and M3, during pLGIC folding (214), we hypothesized that 

increased aromatic interactions render the GLIC TMD structure more stabile and thus less 

sensitive to variations in the surrounding membrane environment.  In other words, the 

extensive aromatic interactions promote M4 binding to M1/M3 in GLIC, even in the absence 

of activating lipids (221).  Interestingly, ELIC exhibits fewer aromatic interactions at the 

interface between M4 and M1/M3 than GLIC (Figure 7.1B).  If aromatic interactions play a 

role stabilizing M4 binding, and thus influence both TMD stability and lipid sensing, then 

ELIC should exhibit an increased propensity to adopt an uncoupled conformation compared 

to GLIC. 

Here, we compare the structural and biophysical properties of membrane reconstituted ELIC 

and GLIC.  In agreement with our hypothesis, we find that the ELIC structure is more 

sensitive to a variety of environmental factors, including ionic strength, temperature, and 

surrounding lipids.  In contrast to GLIC, ELIC does not undergo agonist-induced channel 

gating in the minimal PC membranes that stabilize an uncoupled nAChR.  The subtle 

differences in the lipid sensitivities of ELIC and GLIC demonstrate the utility of these two 

homologs as models for teasing out the molecular features underlying lipid-sensing.  Our 

data support the proposed role for intramembrane aromatic interactions in dictating lipid 

sensitivity.   
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7.4 Experimental Procedures 

7.4.1 Materials.  Soybean asolectin (L-α-phosphatidylcholine, type II-S) and cysteamine 

were from Sigma (St. Louis, MO).  1-palmotyl-2-oleoyl-sn-glycero-3-phosphocholine was 

from Avanti (Alabaster, AL). Dodecylmaltoside (DDM) was from Affymetrix (Santa Clara, 

CA).  A pET-26b expression vector containing the pelB signal sequence followed by a 

(His)10-Tag and then the maltose binding protein fused to the N-terminus of ELIC through a 

Herpes simplex (HRV) 3C protease site was kindly provided by Dr. Raimund Dutzler.  A C-

terminal alanine, a cloning artifact not present in the Genbank sequence (accession number 

POC7B7), was removed.  

7.4.2 Preparation of ELIC proteoliposomes of ELIC.  ELIC was expressed, purified, and 

reconstituted into proteoliposomes as described previously for GLIC (221), but with several 

modifications.  ELIC was expressed in the BL21(DE3) strain of E. coli.  Two litre cultures of 

transformed BL21 cells were grown in Terrific Broth containing 50 µg/mL kanamycin at 

37˚C to an OD600 of ~1.2 a.u, and the cultures induced overnight at 26˚C with 200µM IPTG.  

Cells were harvested, resuspended in Buffer A (150 mM NaCl, 50 mM NaH2PO4, pH 8.0) in 

the presence of Roche Complete™ antiprotease tablets (Branford, CT), and lysed with an 

Avestin Emulsiflex-C5 homogenizer (Ottawa, Canada).  Membrane fractions were 

solubilised in 1 % DDM in Buffer A, and the ELIC fusion protein bound to an amylose 

affinity resin.  After treatment with HRV 3C protease (Calbiochem; Gibbstown, NJ), ELIC 

was eluted in 0.0 2% DDM and further purified in Buffer B (150 mM NaCl, 10 mM 

NaH2PO4, pH 8.0) on a Superose 6 10/300 gel-filtration column (GE Healthcare; Little 

Chafont, UK).  
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The purified ELIC in 0.02 % DDM in Buffer B was slowly diluted to a ratio of at least 1:4 

(vol:vol) with a solution of lipids solubilised in 0.625 % cholate in Buffer B to give a 2:1 

(w/w) lipid-to-protein ratio (159).  After gently mixing for ~30 minutes, the 

protein/detergent/lipid mixture was dialyzed five times at 4˚C against 2 L of Buffer B 

leading to turbid solutions of proteoliposomes, which were harvested by ultracentrifugation.  

The incorporation of ELIC into the liposomes was assessed by discontinuous sucrose-density 

gradient centrifugation (208).   

7.4.3 Fourier transform infrared spectroscopy (FTIR).  Infrared spectra were recorded on 

either a Digilab (now Agilent Technologies; Santa Clara, CA) FTS40 or FTS575 

spectrometer.  The hydrogen/deuterium infrared spectra (Figure 7.2A) were recorded using a 

Golden-GateTM attenuated total internal reflection accessory (SpecAc; Oprington (Kent, 

U.K.)).  5-10 µl aliquots were dried gently under N2 gas.  128 scan spectra were recorded at 4 

cm-1 resolution both before and after rehydration with 2H2O (221).   

For more detailed amide I band analyses, samples were exchanged into 2H2O Buffer A for 

precisely 24 hours at 4˚C, and then stored at -80 oC until use (spectra are recorded in 2H2O to 

eliminate the strong overlap between the absorptions of 1H2O and the protein vibrations of 

interest).  Approximately 200 µg of ELIC was then deposited on a CaF2 window with a 

gentle stream of N2 gas, followed by rehydration with 8 µL of 2H2O.  4000 scan spectra were 

recorded at 2 cm-1 resolution and then processed with GRAMS/AI software (Thermo 

Scientific, Waltham, MA) (208).  Resolution enhancement was performed between 1900 cm-

1 and 1300 cm-1 using a γ = 7 and a Bessel smoothing function set to 70%.  Intensity changes 

in the amide I band at either 1680 or 1620 cm-1 were plotted as a function of temperature to 

monitor the thermal denaturation (Td).  The Td was calculated by fitting the data (GraphPad 
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Prism; GraphPad Software, Inc., La Jolla, CA) with a Boltzmann sigmoidal, where the 

fraction denatured Fd=yinitial+[(yfinal-yinitial)/(1+exp((Td-x)/mb)).   

7.4.4 Electrophysiology.  Electrophysiology was performed using a two electrode voltage 

clamp apparatus (OC-725C oocyte clamp; Holliston, MA).  Oocytes were injected with 

either 0.2 ng of ELIC cRNA or 100-200 ng of membrane-reconstituted ELIC and allowed to 

incubate overnight at 16˚C in ND96+ buffer (5 mM HEPES, 96 mM NaCl, 2 mM KCl, 1 

mM MgCl2, 1 mM CaCl2, and 2 mM Pyruvate).  Injected oocytes were placed in a RC-1Z 

oocyte chamber (Harvard Apparatus; Hamden, CT) containing HEPES buffer (150 mM 

NaCl, 0.5 mM BaCl2 and 10 mM HEPES, pH 7.0).  Currents through the plasma membrane 

in response to cysteamine concentration jumps were measured with the transmembrane 

voltage clamped at either  -40 mV or -60 mV.  The oocytes chamber was perfused with 

HEPES buffer (10 mM HEPES, 150 mM NaCl, 0.5 mM BaCl2, pH=7.0) at a rate of ~5 

mL/min. 
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7.5 Results 

7.5.1 Membrane reconstitution of ELIC.  ELIC was first reconstituted into asolectin 

membranes (aso-ELIC) using a protocol that consistently leads to folded and functional 

membrane incorporated GLIC (221).  Although this protocol was efficient at membrane-

incorporation (Figure  7.2), it was initially difficult to detect the thermal denaturation of 

membrane incorporated ELIC, raising the possibility that ELIC did not adopt a native-like 

folded and thus functional conformation.  The latter was a particular concern because 

although the purification and ultimately crystallization of both GLIC and ELIC has been 

relatively straightforward (216,217,233), purification and membrane reconstitution of 

conformationally active Torpedo nAChR was initially challenging, highlighting the 

structural sensitivity of the nAChR to environmental factors, such as lipids (234).  

Furthermore, it has been suggested that detergent solubilization of ELIC leads to a non-

activatable conformation similar to the uncoupled nAChR (191,220).    

Using an infrared micro-sampling accessory (143), we established that ELIC maintains its 

secondary structure and peptide hydrogen exchange characteristics throughout purification 

and membrane-reconstitution (Figure 7.2B).  The amide I band shape in infrared spectra of 

ELIC, however, differs slightly from that of GLIC, making it inherently more difficult to 

characterize its thermal denaturation (see below).  The sucrose density gradient step, which is 

typically used to purify proteoliposomes from unincorporated and aggregated protein (208), 

seemed to contribute to a lack of reproducibility in the thermal denaturation data.  More 

importantly, brief exposure of the ELIC proteoliposomes to low ionic strength 2H2O buffer (a 

technical step in the preparation of samples for infrared spectroscopy) led to marked effects 
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Figure 7.2 
 

Structure of ELIC during purification, membrane reconstitution, and sample preparation.  
(A) Sucrose density gradients show that ELIC incorporates efficiently into proteoliposomes 
(interface between 0 and 20% sucrose).  Protein-free liposomes run at the interface between 
0% and 20% sucrose, whereas low lipid-to-protein ratio unincorporated protein aggregates 
run at the interface between 35% and 70% sucrose.  (B) Infared spectra from ELIC gently 
dried under N2 gas (black lines) and immediately after rehydration with 2H2O (gray lines). 
Spectra are from ELIC i, after elution from the amylose resin, ii, after a first size-exclusion 
column, and iii, after a second size-exclusion column. Note that both the amide I band shape 
and the levels of peptide N-1H/N-2H exchange (as judged by the amide II band intensity) are 
maintained throughout purification.  (C) infrared spectra showing aso-ELIC exchanged into 
2H2O Buffer A (i) or 2H2O phosphate buffer (no added salt) (ii). The amide I bands both 
before (gray) and after deconvolution (black) are presented on the left. The non-deconvolved 
amide II bands are presented on the right. Spectra were deconvolved using GRAMS/AI 
v.7.01 software (Thermo Galactic) with γ=7 and a Bessel smoothing function set at 70%.  
(D) Thermal denaturation of aso-ELIC exchanged into 2H2O Buffer A (●) and 2H2O 
phosphate buffer (□). 
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on ELIC structure, including a decrease in the cooperativity of unfolding, a  5-10 oC drop in 

the thermal denaturation temperature, and an increased level of peptide N-1H/N-2H exchange 

(Figure 7.2C and 7.2D).  These are similar to the structural changes in the nAChR that occur 

upon formation of the uncoupled state (208,212). 

Our purification and membrane reconstitution experiments suggested that the structure of 

ELIC is less stable than that of GLIC, consistent with its reduced thermal stability, as 

discussed below.  We therefore adapted our purification/reconstitution/sample preparation 

protocols to minimize potentially detrimental effects on ELIC structure.  As ELIC 

incorporates efficiently into proteoliposomes, the sucrose density gradient purification step 

was eliminated.  The ELIC proteoliposomes were exchanged into 2H2O Buffer A, instead of 

low ionic strength 2H2O phosphate buffer (i.e. buffer lacking added salt).  As a precautionary 

measure, the sample exchange time in 2H2O was also reduced to 24 hours.  24 hours in 2H2O 

Buffer A is sufficient to reach consistent and relatively stable levels of peptide N-1H/N-2H 

exchange.   

As discussed below, these three minor adjustments to our protocols led to folded and 

functional membrane incorporated ELIC.  In light of the sensitivity of ELIC structure to low 

ionic strength, we re-evaluated the structure and thermal stability of both membrane 

reconstituted GLIC and the nAChR, but observed no effects of low ionic strength with either 

protein (Table 7.1).  Previous studies have shown that the nAChR concentrates endogenous 

divalent cations throughout purification and membrane reconstitution, even in the presence 

of divalent cation chelators (235,236).  We speculate that the unique surface electrostatic 

potential of ELIC may play a role in the structural sensitivity of ELIC to low ionic strength 

(Figure 7.3).  
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Reconstitution T n

aso-ELIC

PC-ELIC

aso-GLIC

PC-GLIC

aso-nAChR

PC-nAChR

 68.5 ( 68.8 ± 1.5  ) 

( 70.4 ± 0.9  )

( 52.4 ± 0.1  )

59.7 ± 3.5 ( 51.6 ± 1.3 )

65.1 ± 2.2

4 ( 4 )

4

 1 ( 5 )

4

2 ( 2 )

6

d

Table 7.1 Thermal Stability of ELIC

from daCosta  & Baenziger ( 209 )
T d represents the thermal denaturation temperature and n represent the number of replicates

a

a
Thermal denaturation temperatures of membrane incorporated pLGICs after 24 h equilibration in  H  O
Bu�er A at 4   C. Values in brackets refer to the thermal denaturation temperatures after 72 h
equilibration in   H  O phosphate bu�er at 4   C. See text

2
2o

o2
2

b

b

53.0 ± 2.1 ( 55.4 ± 1.0  )
b

c

bfrom Labriola et al  ( 221 ) 
c
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Figure 7.3 
 

Surface electrostatic potential of the ABD and TMD of ELIC, GLIC and the nAChR.  
Vacuum electrostatic potential calculated in PyMol. 
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7.5.2 Structure of membrane-reconstituted ELIC.  We characterized the structure and 

peptide N-1H/N-2H exchange characteristics of membrane incorporated ELIC using infrared 

spectroscopy.  Infrared spectra recorded from ELIC proteoliposomes exhibit two relatively 

intense protein vibrations.  The amide I band (primarily C=O stretching; 1700-1600 cm-1), 

which provides insight into protein secondary structure, and the amide II band (primarily N-

1H bending; centered near 1547 cm-1), which serves as a measure of the level of peptide N-

1H to N-2H exchange (Figure 7.4).   

The amide I contour in spectra recorded from proteoliposomes gently dried from 1H2O 

exhibits a peak maximum near 1655 cm-1, due to the vibrations of α-helix and loop/random 

secondary structures, and a prominent broad shoulder between 1640 and 1625 cm-1, due 

primarily to the vibrations of β-sheet.  Immediately after exposure to 2H2O buffer, the amide 

I band shape becomes more symmetric, as the rapid exchange of solvent exposed 

α-helical/loop (likely the latter) peptide N-1H to N-2H shifts their frequency from 1655 cm-1 

down to near 1645 cm-1 (Figure 7.4A).  This rapid peptide N-1H/N-2H exchange also leads to 

an immediate loss of amide II band intensity, as this vibration shifts down in frequency to 

near 1450 cm-1 (primarily N-2H bending).  Similar rapid spectral changes upon exposure to 

2H2O are also observed with GLIC and both the Torpedo nAChR and the human α4β2 

nAChR (208,221,232) and are likely characteristic of the large solvent-exposed ABD. 

A more detailed assessment of secondary structure was performed after recording higher 

fidelity spectra from ELIC proteoliposomes exchanged into 2H2O for 24 hours at 4 oC.  The 

resulting amide I contour still exhibits intense amide I component bands at frequencies 

characteristic of both α-helix/loop and β -sheet, as shown clearly upon resolution 

enhancement (Figure 7.4B).  Curve fitting suggests roughly 30% α-helix and 35% β-sheet, 
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Figure 7.4 

 
Structural comparisons of membrane reconstituted ELIC, GLIC and the nAChR as probed by 
infrared spectroscopy.  (A) Infrared spectra of aso-ELIC recorded after gentle drying from 
1H2O buffer (black) and immediately after addition of 2H2O (gray). Note the immediate 
changes in amideI band shape (1700-1600 cm-1), and the immediate decrease in amide II 
band intensity (1547cm-1), both indicative of the rapid peptide N-1H/N-2H exchange of 
solvent-exposed peptide hydrogens.  (B) The structure-sensitive amide I (left) and amide II 
(right) bands in infrared spectra recorded after 24 h of equilibration in 2H2O at 4°C from aso-
ELIC (i) and PC-ELIC (ii), and after 72 h equilibration in 2H2O at 4°C for aso-GLIC (iii) PC-
GLIC (iv), aso-nAChR (v), and PC-nAChR (vi) (11,19). The amide I bands are shown both 
before (gray) and after resolution enhancement (black). The relative intensity of the amide II 
vibration is best assessed relative to the intensity of the adjacent broad peak between 1560 
cm-1  and 1600 cm-1 due to aspartic and glutamic acid. Spectra are the averages of at least 
three spectra recorded from two different purifications/reconstitutions. 



Wavenumber (cm -1)

150015501600

Wavenumber (cm -1)

1547

16291656
1643

A

B

i

ii

iii

iv

v

vi

i

ii

iii

iv

v

vi

Amide II’
Amide II

Amide I

160016501700

13501450155016501750
Wavenumber (cm-1)

149



 
 

Figure 7.5 
 

Representative curve fits of the amide I bands from (A) aso-ELIC and (B) PC-ELIC.  In each 
case, the left set of spectra include the experimental amide I absorbance contour (black line), 
the superimposed curve fit (closed circles), and the individual component peaks summed to 
curve fit the amide I contour. The two spectra on the right correspond to the deconvolved 
experimental spectrum (top) and the deconvolved curve fit spectrum (bottom). Spectra were 
deconvolved using GRAMS/AI v.7.01 software (Thermo Galactic) with γ=7 and a Bessel 
smoothing function set at 70%.  (C), band assignments and curve fit estimates. 
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estimates that compare well with the crystal structure (roughly 35% α-helix and 30% 

β-sheet) (Figure 7.5).  Note that the strong intensity remaining near 1655 cm-1 due to 

protiated, and thus solvent shielded, α-helical/loop structures (likely the former) suggests the 

existence of a large population of exchange-resistant and likely transmembrane α-helices, as 

has also been characterized in both GLIC and the nAChR (148,150,208,221,232).  

7.5.3 Thermal stability of membrane reconstituted ELIC.  Infrared spectra recorded as a 

function of increasing temperature reveal changes in the amide I band shape that are 

characteristic of protein denaturation (Figure 7.6).  Unfolding also leads to the complete 

exchange of the previously “exchange-resistant” peptide hydrogens.  Monitoring amide I 

changes with increased temperature led to a measured thermal denaturation temperature for 

aso-ELIC of 59.7 ± 3.5 oC, which is intermediate between that of aso-GLIC (~69 oC) and 

aso-nAChR (~54 oC) (Figure 7.7 and Table 7.1).     

Note that resolution enhancement and curve fitting of the amide I bands show that the spectra 

of both GLIC and ELIC exhibit two components in the β-sheet region near 1635 and 1630 

cm-1, but in ELIC the latter vibration is more intense.  As denaturation is characterized by an 

increase in intensity of an overlapping vibration centered near 1620 cm-1, the greater 

intensity near 1630 cm-1 in spectra of ELIC makes it inherently more difficult to accurately 

monitor the thermal unfolding process.  Thermal denaturation curves yielded consistent 

thermal denaturation temperatures, but greater variability in the cooperativity of unfolding 

(defined by the Boltzmann slope) (see Experimental Procedures).  Given this variability, we 

do not report Boltzmann slopes for the denaturation curves.   
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Figure 7.6 
 

Thermal Denaturation spectra of (A) aso-ELIC and (B) PC-ELIC. The left panel depicts a 
stacked plot of spectra collected for thermal stability characterization of the reconstituted 
ELIC.  Representative traces are shown from 35°C to 76°C, front to back. Spectra were 
collected at 1°C increments. Spectra were deconvolved using GRAMS/AI v.7.01 software 
(Thermo Galactic) with γ=7 and a Bessel smoothing function set at 70%. The right panel 
depicts spectra collected at 36°C (black line) and 76°C (gray line) showing full exchange of 
the N- 1H to N-2H upon denaturation. 
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Figure 7.7 
 

Representative thermal denaturation curves for ELIC (black), GLIC (dark gray) and the 
nAChR (light gray).  aso-ELIC (●), PC-ELIC (○), aso-GLIC (▲), PC-GLIC (△), aso-
nAChR (■), and PC-nAChR (□). Each curve was fit with a Boltzmann sigmoid (see 
Experimental Procedures). 



Fr
ac

ti
on

 D
en

at
ur

ed

Temperature  (  C)o
35 45 55 65 75 85

0.00

0.25

0.50

0.75

1.00

153



7.5.4 Gating of membrane-reconstituted ELIC.  The relatively low lipid-to-protein ratio 

ELIC proteoliposomes are ideal for spectroscopy, but not useful for direct measurements of 

channel activity using electrophysiology approaches.  We indirectly probed the activity of 

membrane reconstituted ELIC by first injecting the aso-ELIC into Xenopus laevis oocytes 

and then monitoring the appearance of cysteamine-activated currents across the oocyte 

plasma membranes (237,238).  A similar indirect approach has been used previously to 

characterize agonist-induced gating of membrane reconstituted GLIC and the nAChR (221). 

Cysteamine did not elicit measurable dose responses in uninjected oocytes (Figure 7.8).  In 

contrast, oocytes injected with aso-ELIC gave reproducible currents that respond to 

cysteamine in a dose-dependent manner yielding an EC50 of 1.12 ± 0.4 mM (n=10), a value 

similar to that observed for oocytes expressing ELIC on the membrane surface after cRNA 

injection (1.01 ± 0.2 mM, n=10, data not shown).  The reconstituted aso-ELIC thus retains 

the ability to gate open in response to cysteamine binding.  Of interest, the essentially 

identical EC50 values observed with both aso-ELIC and ELIC cRNA injected oocytes 

contrasts the differences observed in EC50 values for proton activation of oocytes injected 

with either aso-GLIC or GLIC cRNA (221).  The EC50 for activation of aso-GLIC injected 

oocytes is shifted to higher proton concentrations, relative to oocytes injected with GLIC 

cRNA.  

7.5.5 Effects of an uncoupling lipid environment on ELIC structure.  We next compared the 

structural and functional properties of aso-ELIC to that of ELIC reconstituted into the 

minimal PC membranes (PC-ELIC) that stabilizes an uncoupled nAChR.  The uncoupled 

PC-nAChR binds agonist, but does not usually undergo agonist-induced conformational 

transitions (208,212).  PC-nAChR exhibits undergoes more extensive peptide N-1H/N-2H 
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Figure 7.8 
 

Cysteamine-induced response of membrane–reconstituted ELIC.  (A) Representative whole 
cell electrophyiosology recordings measured at a -60mV holding potential in response to 
cysteamine jumps from uninjected oocytes and oocytes injected with aso-ELIC and PC-ELIC 
(left panel). Averaged dose-response curves to cysteamine (aso-ELIC; n=10 and PC-ELIC; 
n=24) (right panel). The inset represents the peak current achieved at a cysteamine 
concentration of 4mM.  (B) Representative whole cell electrophyiosology recordings 
measured at -20mV in response to pH jumps from uninjected oocytes and oocytes injected 
with aso-GLIC and PC-GLIC (left panel).  Averaged dose-response to pH (right panel). The 
inset represents the peak current achieved upon exposure of oocytes injected with the 
indicated reconstituted membranes at pH 3.5. The dose response curves from oocytes 
injected with membrane-reconstituted GLIC were normalized assuming a pH50 of 2.90. 
These proton-induced currents are sensitive to the inhibitor amantadine, whereas the 
endogenous acid-sensitive channels are not. 
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exchange than the resting or desensitized nAChR, leading to a reduced amide II band 

intensity and a slightly enhanced downshift in amide I component band intensity from 1655 

cm-1 to near 1645 cm-1 (Figure 7.4B).  PC-nAChR also undergoes thermal denaturation at 

slightly lower temperatures, and the cooperativity of denaturation is reduced (Figure 7.7 and 

Table 7.1)(208).  Weakened interactions leading to an increased physical separation between 

the ABD and TMD may account for both the structural and functional differences of the 

nAChR in asolectin versus PC membranes (208).  It was proposed that M4 binding to 

M1/M3 to promote effective interactions between post-M4 and the Cys-loop is essential for 

channel gating. 

The structure and biophysical properties of the homolog GLIC are essentially 

indistinguishable in asolectin and PC membranes, suggesting that GLIC does not exhibit the 

same propensity to adopt an uncoupled conformation as the nAChR (Figure 7.4) (221).  

Similarly, we detect little if any structural difference between aso-ELIC and PC-ELIC 

(Figure 7.4).  The amide I and amide II bands of aso-ELIC and PC-ELIC are virtually 

superimposable, with similar levels of peptide N-1H/N-2H exchange and essentially no 

variability in amide I component band intensity near 1655 cm-1 and 1645 cm-1.  The thermal 

denaturation temperature of PC-ELIC (65.1 ± 2.2 ) is actually higher than that of aso-ELIC 

(59.7 ± 3.5 ) (Figure 7.7 and Table 7.1), a trend also observed with aso- versus PC-GLIC.  

The data suggest that ELIC does not adopt a conformation in PC membranes similar to the 

uncoupled nAChR.  

7.5.6 Effects of an uncoupling lipid environment on ELIC function.  The injection of both 

aso-nAChR and PC-nAChR into frog oocytes leads to the appearance of nAChR binding 

sites on the plasma membrane, but only aso-nAChR giver rise to acetylcholine induced 
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currents (221).  It has been suggested that the reconstituted membranes retain their lipid 

environment after fusion with the oocyte plasma membrane (238).  The lack of channel 

activity is consistent with PC-nAChR adopting an uncoupled conformation where agonist 

binding is “uncoupled” from channel gating.  In contrast, the injection of either aso-GLIC or 

PC-GLIC into oocytes led to proton activated currents across the plasma membrane 

suggesting that GLIC is functional in both membrane environments (Figure 7.8).  This 

conclusion is consistent with structural and peptide N-1H/N-2H exchange characteristics of 

both aso-GLIC and PC-GLIC, which suggest a resting-like conformation in both membranes 

(221).   

Given the infrared data suggesting a resting conformation for PC-ELIC, we expected that the 

injection of PC-ELIC membranes into oocytes would lead to the appearance of cysteamine-

induced currents across the oocyte plasma membrane, as observed with aso-ELIC.  Despite 

numerous attempts under varying conditions (varying amounts of PC-ELIC and varying 

characterization times after injection), however, we were unable to see a dose-response to 

cysteamine suggesting that agonist binding and gating are, at best, weakly coupled in PC 

membranes (Figure 7.8).  Although ELIC does not adopt an uncoupled conformation 

identical to that of the nAChR, ELIC function is sensitive to the surrounding membrane 

environment.  A simple PC bilayer is not sufficient to promote optimal coupling of agonist 

binding to channel gating.   
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7.6 Discussion 

Cholesterol and anionic lipids are required in a reconstituted membrane to obtain optimal 

nAChR function (181,205-207,222-227,239), although membrane physical properties play a 

role (212).  Membranes influence function by both conformational selection and kinetic 

mechanisms.  In other words, they stabilize differing proportions of activatable versus non-

activatable conformations (209,225), and influence the rates of transitions between these 

conformations, respectively (212).  Lipids may exert these effects by interacting with 

interstitial sites between different α-helices in the transmembrane domain (240,241) or by 

interacting with the lipid-protein interface (208,240,242,243)   

Recent studies have focused on the potential role for the most lipid exposed transmembrane 

α-helix, M4, in lipid sensing (229-231). The C-terminus of M4 (post-M4) extends beyond 

the lipid bilayer to interact directly with the Cys-loop, one of the key structures implicated in 

the allosteric pathway leading from the agonist-site to the channel gate (244,245).  Lipids 

could influence nAChR gating by altering the binding of M4 to its adjacent transmembrane 

α-helices, M1 and M3, thus influencing post-M4/Cys-loop interactions.  The hypothesis that 

a lipid-dependent modulation of post-M4/Cys-loop interactions alters channel gating is 

supported by considerable anecdotal data (see (208)), but direct testing still requires 

functional studies performed on site-directed nAChR mutants reconstituted into different 

membrane environments.   

Given the difficulties expressing nAChRs in sufficient quantities for structural studies (232), 

we have turned to the prokaryotic pLGICs, GLIC and ELIC, to investigate the underlying 

mechanisms of pLGIC lipid sensing.  The first step in such mechanistic studies is the non-
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trivial requirement to reconstitute folded and functional ELIC and GLIC into model 

membranes.  While the membrane reconstitution of folded and functional GLIC is relatively 

straightforward (221), generating folded membrane reconstituted ELIC proved to be more 

problematic.  We found the structural integrity of ELIC to be sensitive to a variety of 

environmental factors (see Results).  The thermal stabilities of aso-ELIC and PC-ELIC are 

both lower than the stabilities of aso-GLIC and PC-GLIC (Table 1). As discussed below, the 

reduced structural stability of ELIC relative to GLIC may correlate with a greater functional 

sensitivity to lipids.   

With minor alterations to our purification, membrane reconstitution, and sample preparation 

protocols, we reproducibly generated folded and functional ELIC in asolectin membranes.  

Specifically, aso-ELIC exhibits the expected mixed α-helix/β-sheet secondary structure with 

both a substantial portion of the polypeptide backbone undergoing rapid peptide N-1H/N-2H 

exchange, and another portion resistant to peptide N-1H/N-2H exchange after prolonged 

exposure to 2H2O.  The former population is likely due to those peptide hydrogens located 

primarily in loop structures of the ABD that are exposed to aqueous solvent.  The latter is 

likely due to α-helical peptide hydrogens found in the TMD.   Aso-ELIC undergoes thermal 

denaturation at temperatures slightly above the nAChR.  In addition, injection of aso-ELIC 

into frog oocytes led to the appearance of cysteamine-induced currents across the plasma 

membrane, showing that aso-ELIC undergoes channel gating in response to agonist binding.  

The structure and biophysical properties of membrane incorporated ELIC are similar to those 

of membrane incorporated GLIC and the nAChR (208,221,232).   

A key goal of this work was to examine the structural and functional properties of ELIC in 

the minimal PC membranes that stabilize an uncoupled nAChR.  The uncoupled nAChR is 
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distinguished from resting or desensitized nAChRs by enhanced levels of peptide N-1H/N-2H 

exchange after prolonged exposure to 2H2O, suggesting that peptide hydrogens normally 

buried from aqueous solvent become solvent exposed.  The uncoupled nAChR also has a 

slightly lower thermal denaturation temperature, and the cooperativity of unfolding is 

reduced.  It has been suggested that reduced physical interactions leading to an increased 

physical separation between the ABD and TMD accounts for the structural, biophysical, and 

functional properties of the uncoupled PC-nAChR (208,221,232).   

We noted previously that PC-GLIC does not exhibit the structural and biophysical properties 

characteristic of the uncoupled state (221).  PC-GLIC also retains the ability to undergo 

agonist-induced channel gating.  The GLIC TMD thus does not require “activating lipids” to 

maintain effective coupling of agonist binding to channel gating. 

In contrast, we found that the structure and functional properties of ELIC in PC membranes 

are distinct from those of both the nAChR and GLIC.  On the one hand, PC-ELIC does not 

exhibit structural features characteristic of the uncoupled conformation.  Specifically, the 

ELIC peptide hydrogen exchange kinetics are similar in both asolectin and PC membranes.  

PC-ELIC also undergoes thermal denaturation at temperatures that are slightly higher than 

that of aso-ELIC.  On the other hand, injection of PC-ELIC into frog oocytes, does not lead 

to the appearance of cysteamine-induced currents suggesting that the minimal PC 

membranes are not sufficient to promote channel gating.  While PC-ELIC does not adopt an 

uncoupled conformation equivalent to the uncoupled PC-nAChR, the efficiency of channel 

gating in ELIC is greatly reduced.  ELIC is thus more sensitive to its membrane environment 

than GLIC.   
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Comparison of the GLIC, ELIC, and nAChR structures reveals elements that may contribute 

to the variable lipid sensitivities.  The reduced propensity of GLIC to adopt an uncoupled 

conformation may reflect the extensive aromatic network at the interface between the 

transmembrane α-helices.  Aromatic interactions promote M4 binding during folding of the 

homologous glycine receptor (214).  In the context of the M4 lipid-sensor model, the 

extensive aromatic network at the interface between M4 and M1+M3 in GLIC (Figure 7.1B) 

may lead to high affinity binding of M4 to M1+M3 even in PC membranes lacking 

“activating lipids”.  The intramembrane aromatic interactions may reduce the propensity of 

GLIC to adopt an uncoupled conformation.    

ELIC has fewer aromatic interactions at the M1/M3/M4 interface than GLIC, but more than 

the nAChR.  The aromatic interactions at this interface in ELIC are also located exclusively 

between the bilayer center and the cytoplasmic side of the bilayer - ELIC lacks the three 

interacting aromatic residues found in GLIC near the extracellular membrane surface.  One 

possible explanation for our data is that the available aromatic interactions located at the 

M1/M3/M4  interface are sufficient to stabilize a conformation where M4 is bound relatively 

tightly to M1+M3 during purification and reconstitution of ELIC into PC bilayer, whereas 

the lack of comparable aromatic interactions in the nAChR leads to a conformation where 

M4 binding is lost.  The absence of aromatic interactions in ELIC near the extracellular 

surface, however, may weaken interactions between post-M4 to M1+M3 so that in PC 

membranes ineffective interactions between post-M4 and the Cys-loop inhibit channel 

gating.  This interpretation is consistent with the ELIC crystal structures, where the final five 

residues in post-M4 are unresolved and thus do not stably interact with the Cys-loop.  
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Significantly, it has been suggested that the crystallized ELIC does not undergo channel 

gating (191,220) 

Finally, it is intriguing that while ELIC exhibits a greater propensity to adopt a conformation 

in PC membranes where the coupling of binding and gating is ineffective, the EC50 for 

cysteamine-induced channel gating is the same with oocytes that are injected with aso-ELIC 

(1.12 ± 0.4 mM) or ELIC cRNA (1.01 ± 0.2 mM).  In contrast, the EC50 for proton-induced 

gating of GLIC is different with oocytes injected with aso-GLIC and GLIC cRNA.  A shifted 

EC50 is also observed in electrophysiological studies of high lipid-protein ratio GLIC 

asolectin proteoliposomes (246).  Proton-induced gating of GLIC is thus sensitive to its 

membrane environment.  One speculative interpretation is that the differences in EC50 reflect 

the involvement of an intramembrane protonation site in gating (247) - such a site could be 

sensitive to its surrounding lipids.  A role for an intramembrane proton binding site in 

channel gating would also account for the varying EC50 values observed when GLIC is 

expressed HEK cells versus frog oocytes (219,247).   

In summary, we have developed a protocol that reproducibly leads to membrane 

reconstituted ELIC that adopts a folded and functional conformation.  We show that ELIC 

exhibits different structural and functional sensitivities to lipids than both GLIC and the 

nAChR.  Future mutagenesis studies combined with more extensive electrophysiological 

characterization should allow us test specific mechanistic hypotheses to explain the different 

lipid sensitivities of GLIC and ELIC, and thus gain detailed insight into the mechanisms 

underlying pLGIC lipid sensing.  Our data further point to a role of an intramembrane 

aromatic network at the interface between M4 and M1+M3 in both pLGIC structural stability 

and in lipid sensing. 
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8 MANUSCRIPT: 
3.  Casey L. Carswell, J.P. Daniel Therien, Peter D. Juranka, Julian A. Surujballi, and John 
E. Baenziger (2014) Intramembrane aromatics facilitate the gating of pentameric ligand-
gated ion channels and govern susceptibility to potentiation.  Submitted to the Journal of 
Neuroscience January 2014. 
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8.1 Preface 

This is the third of three manuscripts included in this thesis.  This manuscript was first 

submitted to the Journal of Neuroscience (January 2014).    This paper examines the role of 

intramembrane aromatics on pLGIC function.  Heterologous expression of aromatic addition 

and deletions into pLGIC mutants show that intramembrane aromatics influence function.  

 

I constructed the homology model of ELIC, choose the aromatics to be tested and made the 

figures.  Peter Juranka and I constructed the mutants of ELIC.  I performed the 

electrophysiology experiments on the WT-ELIC and mutants of ELIC.  Daniel Therien and 

Peter Juranka constructed the mutants of GLIC.  Daniel Therien, Peter Juranka, and Julian 

Surujballi performed the electrophysiology experiments on the WT-GLIC and mutants of 

GLIC.  I wrote the manuscript in collaboration with my supervisor.  
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8.2 Abstract 

The gating of pentameric ligand gated ion channels is exquisitely sensitive to lipids.  We 

show that the lipid exposed transmembrane α-helix, M4, is an allosteric regulatory element.  

M4 enhances gating when effectively bound to the adjacent α-helices, M1 and M3, but 

inhibits gating in the absence of effective interactions.  Regulatable binding of M4 thus 

modulates the allosteric pathway leading from the agonist site to the transmembrane gate.  

Variable intramembrane aromatic interactions in pLGICs influence the binding of M4 to 

both M1 and M3 leading to variable efficiencies of channel gating, and thus variable 

susceptibilities to potentiation by transmembrane allosteric regulators. 
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8.3 Introduction 

Many pharmaceuticals and endogenous compounds target the transmembrane domains 

(TMD) of pentameric ligand-gated ion channels (pLGICs) to alter channel gating and thus 

ultimately synaptic communication (181).  Structural and biophysical studies have identified 

the sites of action for many TMD regulators, but the mechanism(s) by which TMD binding 

leads to altered channel activity remain(s) to be elucidated.   

The TMD of the prototypic pLGIC, the nicotinic acetylcholine receptor (nAChR) from 

Torpedo, is sensitive to lipids, with increasing levels of cholesterol and anionic lipids 

stabilizing increasing proportions of agonist-responsive nAChRs (207,209,225-227,236).  

The transmembrane α-helix, M4, (one in each nAChR subunit) is likely the site for lipid 

sensing (229-231).  M4 is exposed to the lipid bilayer and thus ideally situated to sense 

bilayer physico-chemical properties (189,228) (Figure 8.1B).  Mutations in M4 influence 

channel gating, showing that changes in M4 structure influence the primary allosteric path 

leading from the agonist site to the channel gate (180,248-252).  Significantly, the C-

terminus of M4 (post-M4) extends beyond the lipid bilayer to interact with the Cys-loop, a 

key structure linking the agonist site and channel gate (244,245).  It has been suggested that 

effective interactions between post-M4 and the Cys-loop are required for the Cys-loop to 

adopt a conformation that participates effectively in channel gating (208).  Activating lipids 

could enhance channel gating by promoting M4 binding to M1+M3 to strengthen post-

M4/Cys-loop interactions (208,212).   

Intramembrane aromatic interactions play a critical role driving the binding of M4 to 

M1+M3 during folding of the homologous glycine receptor (214).  If aromatics drive M4 

binding during folding, they must also influence the affinity of M4 for M1+M3 in the folded 
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Figure 8.1 

 
The structural basis for pLGIC lipid sensing. (A) A side view of the unliganded resting state 
Torpedo nAChR, with the γ -‐subunit shown in blue (pdb code 2BG9). The agonist site 
Trp-‐149 of both α -‐subunits is highlighted as orange sticks. (B) A surface view of the 
transmembrane domain showing the transmembrane α-‐helices, M1 to M4, of the αδ-‐subunit 
in white.  (C) A schematic of a single subunit showing the proposed role of M4 as an 
allosteric regulator of gating. The arrow denotes the allosteric pathway leading from the 
agonist site to the transmembrane gate. “Ineffective” interactions between M4 and M1/M3 
are represented by a tilting of M4 away from M1/M3. Aromatic additions and deletions are 
used here to modulate the binding of M4 to M1/M3.  (D) The transmembrane domain of a 
single subunit from the nAChR (α-‐subunit, left), GLIC (center; pdb code 4HFI) and ELIC 
(right; pdb code 2VL0), with aromatic residues at the M1/M3/M4 interface shown as blue 
sticks. Note that the view of the TMD in (C) is rotated 180o about the subunit long axis 
relative to the side views in (D) to highlight the agonist binding site. 
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state.  Surprisingly, different pLGICs exhibit different levels of aromatic residues at the 

M1/M3/M4 interface (Figure 8.1D) (189,217,253), raising the possibility that different 

pLGICs exhibit different M4 binding affinities.  The M4 lipid sensor model predicts that 

variable M4 binding will lead to variable efficiencies of channel gating.  Weaker M4 binding 

leading to less efficient gating should also render pLGICs more susceptible to potentiation by 

activating lipids or other TMD allosteric regulators. 

Here we examine the role of intramembrane aromatic interactions in the gating of pLGICs.  

Consistent with our hypothesis, we find that eliminating intramembrane aromatic interactions 

at the M1/M3/M4 interface inhibit, while adding new aromatic interactions promote channel 

gating.  Our findings show that M4 is an allosteric regulatory element and that pLGICs with 

few intramembrane aromatic interactions are inefficient at gating and thus have a greater 

potential for “potentiation”.   
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8.4 Experimental Procedures 

8.4.1 DNA constructs for oocyte expression.  ELIC-pTLN was kindly provided by Dr. 

Raimund Dutzler (254).  A C-terminal alanine, a cloning artifact not present in the Genbank 

sequence (accession number POC7B7), was removed.  GLIC-pMT3 was kindly provided by 

Pierre-Jean Corringer (219).  The GLIC coding sequence was transferred to pSP64 without 

the hemagluttinin tag.  Both the GLIC and ELIC plasmids have the α7 nAChR signal 

sequence followed by the GLIC or ELIC coding sequence.  ELIC-pTLN and GLIC-pSP64 

were linearized by MluI and EcoRI, respectively and used to produce capped cRNA by in 

vitro transcription using the mMESSAGE mMACHINE® SP6 kit (Ambion).  All mutants 

were created using QuikChange™ Site Directed Mutagenesis kits (Agilent) and verified by 

sequencing.    

8.4.2 Electrophysiology.  Stage V-VI oocytes were isolated as previously described (255).  

Oocytes were injected with the indicated amount of cRNA and allowed to incubate one to 

four days at 16˚C in ND96+ buffer (5 mM HEPES, 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 

1 mM CaCl2, and 2 mM pyruvate).  Injected oocytes were placed in a RC-1Z oocyte 

chamber (Harvard Apparatus; Hamden, CT) containing the appropriate buffer (see below).  

Whole cell currents were recorded using a two electrode voltage clamp apparatus (OC-725C 

oocyte clamp; Holliston, MA).   The whole cell currents were recorded while flowing the 

appropriate buffer through the oocyte chamber at a rate of 5 - 10 ml/min. 

For GLIC, whole cell currents were recorded from injected oocytes (3 ng - 13 ng cRNA) 

immersed in MES buffer (140 mM NaCl, 2.8 mM KCl, 2 mM MgCl2, and 10 mM MES).  
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Currents through the plasma membrane in response to pH jumps (pH 7.3 down to the 

indicated pH values) were measured with the transmembrane voltage clamped at voltages 

between -10 mV and -60 mV depending on the level of expression of each mutant GLIC.  In 

the majority of cases, the holding potential was -20 mV.  For ELIC, whole cell currents were 

recorded from injected oocytes (0.2 ng - 10 ng cRNA) immersed HEPES buffer (150 mM 

NaCl, 0.5 mM BaCl2 and 10 mM HEPES, pH 7.0).  Currents through the plasma membrane 

in response to cysteamine concentration jumps (from 0 mM up to the indicated values) were 

measured with the transmembrane voltage clamped at -40 mV.   

8.4.3 Data Analysis.  Dose responses for each mutant were acquired from at least two 

different batches of oocytes.  Each individual dose-response experiment was fit with a 

sigmoidal dose-response (variable slope) and the individual EC50 and Hill coefficients from 

each experiment averaged to give the values ±standard deviation in Table 1.  The Imax for 

each individual oocyte was determined independently thus normalizing expression levels.  

For the presented dose-response curves, the individual dose responses for each experiment 

were normalized, and then each data point averaged.  Curve fits of the averaged data are 

presented in Figures 8.2 and 8.3, with the error bars referring to the standard error.   

8.4.4 Homology Model.  The homology model of ELIC was constructed using Swiss-

Model (138) using GLIC (pdb code 3EHZ) as a template.   The majority (95%) of the y and f 

angles of the model (the entire ELIC structure) are found in allowable regions of the 

Ramachandran plot (256).  The homology model of ELIC was constructed to model the post 

M4 region in order to determine residues for aromatic substitution. 
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8.5 Results 

The prokaryotic pLGIC, GLIC, exhibits an extensive network of intramembrane aromatic 

residues at the interface between M4 and M1/M3, with one cluster of three aromatic residues 

located near the extracellular surface of the membrane (the “post-M4 cluster”) and another 

cluster of five aromatic residues located in the intracellular half of the membrane (the 

“intracellular cluster”).  The close homolog, ELIC, exhibits analogous aromatic residues at 

the M1/M3/M4 interface, but lacks the entire post-M4 cluster and two of the aromatic 

residues that in GLIC are situated near the bilayer center.  Through aromatic substitutions 

and additions to the interface between M4 and M1/M3 in both GLIC and ELIC, respectively, 

we modulate the binding of M4 to test the hypothesized role of intramembrane aromatics in 

pLGIC gating, and thus the role of M4 as an allosteric regulatory element. 

8.5.1 Aromatic deletions in GLIC  We first mutated each of the extra aromatic residues in 

GLIC to alanine, and then characterized the effects of the individual alanine substitutions on 

the ability of proton binding to elicit channel gating.  Each individual mutation led to a right 

shift in the EC50 (i.e. the pH50) for activation (Figure 8.2 and Table 8.1).  Given that these 

mutations involve alanine substitutions of aromatic residues (i.e. neither type of side chain 

reversibly binds protons over the studied pH range) and that the proton binding sites are 

distant from the TMD (201), the changes in EC50 can be attributed to a reduction in the 

efficiency for coupling agonist binding to channel gating.  We also simultaneously 

substituted interacting pairs of aromatic residues with alanine residues, but none of the 

double mutants gave observable proton activated currents.  The absence of current could 

reflect impaired coupling of binding to gating and/or an inability of the GLIC mutants to fold 

and then traffic to the cell surface (214).  Even the lack of trafficking to the cell surface may, 
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Figure 8.2 

 
Gating is inhibited by aromatic deletions at the M1/M3/M4 interface of GLIC. (A) The GLIC 
TMD highlighting aromatic residues at the M1/M3/M4 interface (pdb code 4HFI).  Aromatic 
residues found in both GLIC and ELIC are shown in yellow. Aromatic residues only found 
in GLIC are shown in red. (B) Representative pH dose response whole cell currents recorded 
from wild type (WT) GLIC and select GLIC mutants. The horizontal bars represent the time 
periods for the pH jumps from 7.3 to the indicated pH values.  (C) pH dose response curves 
for the alanine substitutions in GLIC. See also Table 8.1. 
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                              Table 8.1  Effects of Aromatic Deletions and Additions on pLGIC Gating
Aromatic Number  Mutant

EC50 Hill Slope n Imax (μA) ng injected n
GLIC

WT 4.89 ± 0.11 1.42 ± 0.49 22 2.95 ± 1.25 3.3 6
1 F313A 4.53 ± 0.01 1.71 ± 0.07 7 1.31 ± 0.28 3.3 4
2 F312A 4.40 ± 0.02 1.61 ± 0.11 11 2.23 ± 0.95 3.3 6
3 Y252A 4.60 ± 0.04 2.34 ± 0.31 12 4.87 ± 1.363 24 10
5 F263A 4.32 ± 0.04 2.75 ± 1.19 12 2.47 ± 0.964 23 11
6 Y264A 4.11 ± 0.20 1.38 ± 0.27 24 3.67 ± 1.213 22 24

1 + 2 F312A+F313A    No Current5 21 10
1 + 3 F312A+Y252    No Current5 17 4
2 + 3 F313A+Y252A    No Current5 24 8
5 + 6 F263A + Y264A No Current5 15 4

1 + 2 + 3 F313A + F312A + Y252A
1 + 2 + 3 + 5 + 6 F313A + F312A + Y252A + F263A + Y264A

ELIC
WT 1.01 ± 0.20 2.13 ± 0.36 11 2.77 ± 0.91 0.2 11

1 I319F 0.62 ± 0.18 2.48 ± 0.40 6 4.68 ± 1.45 0.2 6
2 G318F 0.44 ± 0.09 2.69 ± 1.05 13 3.43 ± 2.65 0.2 8
3 V260Y 0.47 ± 0.21 2.37 ± 0.33 4 1.35 ± 0.38 0.2 4
5 S271F 0.50 ± 0.21 3.44 ± 0.91 10 3.19 ± 0.38 0.4 3
6 I272Y 0.59 ± 0.14 2.55 ± 0.33 10 2.80 ± 0.876 0.6 4

1 + 2 I319F + G318F 0.73 ± 0.37 3.19 ± 0.83 8 2.40 ± 0.12 0.2 2
1 + 3 I319F + V260Y 0.13 ± 0.05 3.01 ± 1.08 6 2.69 ± 0.76 0.4 6
2 + 3 G318F + V260Y 0.13 ± 0.05 2.51 ± 0.40 6 4.47 ± 3.28 0.4 6
5 + 6 S271F + I272Y 0.26 ± 0.09 2.24  ± 0.24 8 2.98 ± 2.776 0.6 4

1 + 2 + 3 I319F + G318F + V260Y 0.18 ± 0.02 2.60 ± 0.16 9 2.97 ± 1.73 0.4 9
1 + 2 + 3 + 5 + 6 I319F + G318F + V260Y+ S271F + I272Y 0.15 ± 0.04 2.59 ± 0.35 7 1.41 ± 1.736 5.0 3

1 measurements performed 1-4 days after cRNA injection;  Vhold ranging from -10 to -60 mV (3 - 13 ng GLIC RNA injected / 0.2 - 10 ng ELIC RNA injected) )
2 recorded (except where noted) 1 day after RNA injection with a VHold of -20 mV (GLIC) or -40mV (ELIC)
3 measured after 4 days at a Vhold of -20mV
4 measured after 4 days at a Vhold of -40mV
5 no significant current observed after 4 days
6 measured after 2 days at a V      of -40mV

Dose Response1 Imax Values2

hold
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however, reflect impaired binding of M4 to M1+M3, which in neuronal nAChRs is required 

to mask an endoplasmic retention signal located on M1 (257,258).   

8.5.2 Aromatic additions to ELIC.  Although the detrimental effects of the aromatic 

substitutions show that aromatic interactions at the interface between M4 and M1+M3 of 

GLIC are important, they do not prove that M4 is an allosteric regulatory element.  The 

detrimental effects could simply reflect impaired inter-α-helix transmembrane packing, as a 

result of the loss of the bulky aromatic rings, leading to a TMD that is less efficient at gating.  

Moreover, they do not show that regulatable M4 binding to M1+M3 influences the efficiency 

of channel gating.  ELIC, however, has fewer aromatic interactions at the M1/M3/M4 

interface.  If the lower number of aromatic residues leads to intrinsically weaker M4 binding 

to M1+M3 and less efficient gating, then the addition of aromatic interactions to promote M4 

binding could improve the efficiency of channel gating - as long as the added aromatics do 

not lead to steric and/or chemical conflicts.  ELIC thus offers the opportunity to test whether 

regulatable binding of M4 to M1+M3 modulates the efficiency of channel gating.   

With limited structural data, it is not possible to precisely engineer optimal aromatic 

interactions at the M1/M3/M4 interface in ELIC.  Consequently, we simply added the extra 

aromatic residues found at the M1/M3/M4 interface of GLIC into ELIC with the hope that 

some of these additions would lead to improved M4 binding.  To our surprise, each of the 

five individual aromatic additions into ELIC shifted the EC50 to lower concentrations of 

cysteamine, whether or not interacting aromatic partners on the adjacent transmembrane 

α-helices are present (Figure 8.3 and Table 8.1).  The left shifts in the EC50 observed with 

aromatic additions to ELIC contrast the right shifts in EC50 observed with aromatic deletions 
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Figure 8.3 

 
Gating is potentiated by aromatic additions to the M1/M3/M4 interface of ELIC.  (A) A 
homology model of the ELIC TMD (built on the GLIC structure) highlighting aromatic 
residues at the M1/M3/M4 interface that are conserved in both ELIC and GLIC as yellow 
sticks. Positions where aromatic residues are found only in GLIC are highlighted as red 
sticks. Each of the latter residues in ELIC was changed to the corresponding aromatic residue 
in the GLIC structure.  (B) Representative cysteamine dose response whole cell currents 
recorded from wild type (WT) ELIC and select ELIC mutants. The horizontal bars represent 
the time periods for exposure to the indicated mM concentrations of cysteamine.  (C) 
Cysteamine dose response curves for the aromatic additions into ELIC. Single and multiple 
substitutions are shown in the top and bottom panels, respectively. See also Table 8.1 
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from GLIC.  The left shifts reflect a gain, as opposed to a loss in the efficiency of channel 

gating.   

We next generated ELIC mutants with multiple aromatic additions, again using GLIC as a 

model.  Again to our surprise, all but one of the multiple aromatic additions led to even lower 

EC50 values for channel gating.  Engineering either the post-M4 aromatic cluster or the entire 

aromatic network of GLIC into ELIC shifted the EC50 down to ~0.1 mM cysteamine, a value 

roughly 10% of the EC50 value of wild type ELIC.  Even the introduction of just two 

interacting aromatic partners on adjacent α-helices in the post-M4 cluster led to maximal 

shifts in EC50.  The maximal left shifts in the EC50 reflect a 10-fold gain in the efficiency of 

channel gating.  Clearly, the addition of aromatic residues at the M1/M3/M4 interface 

enhances M4 binding to M1+M3 in a manner that potentiates channel activity. 

The data show clearly that by modulating the binding of M4 to M1+M3 with aromatic 

deletions or additions, the coupling of agonist binding to channel gating is affected.  Note 

that many of the aromatic deletions and additions to GLIC and ELIC, respectively, not only 

influence the efficiency of channel gating, but also change the desensitization kinetics, as 

observed by the altered rates of decay of some of the whole cell current responses (Figures 

8.2 and 8.3).  Although not explored further here, the data suggest that M4 binding to the 

adjacent transmembrane α-helices M1/M3 influences the desensitization kinetics.   
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8.6  Discussion 

Our data show that the lipid exposed transmembrane α-helix, M4, is an allosteric regulatory 

element in the gating of pLGICs.  Factors that inhibit M4 binding, inhibit the gating of 

pLGICs.  Factors that promote effective M4 binding to M1+M3 enhance the gating of 

pLGICs.  Specifically, aromatic deletions at the M1/M3/M4 interface of GLIC, which hinder 

M4 binding to M1+M3 (214), inhibit or eliminate channel gating, while the addition of 

aromatics to the M1/M3/M4 interface of ELIC, which enhance M4 binding, potentiate 

channel gating.   

The consistency of the entire data set is quite remarkable.  Every aromatic deletion at the 

M1/M3/M4 interface in GLIC inhibits channel activity relative to the wild type, while every 

aromatic addition in ELIC enhances channel activity relative to the wild type.  The latter is 

most surprising because although aromatics enhance M4 binding to M1+M3 in the glycine 

receptor (214), we expected that some of the “non-optimized” aromatic additions in ELIC 

would lead to structural and/or chemical conflicts with residues on the adjacent TMD 

α-helices.  The fact that every one of the aromatic additions potentiates activity highlights 

the ease at which effective interactions between M4 and M1+M3 can be enhanced to 

promote gating.  The positive effects of the non-specific aromatic additions suggest that 

gating enhancement results from tighter binding of M4 to M1+M3, as opposed to specific 

inter-α-helix interactions that lead to precise orientations between the M1, M3 and M4 

α-helices.  The data show that intramembrane aromatics are critically important in the gating 

of pLGICs and that the low polarity/rigid aromatic ring, particularly of phenylalanine, is a 

basic structural feature that promotes transmembrane α-helix packing.   
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The relatively large gating enhancements observed with aromatic additions to the post-M4 

region of ELIC highlight further the role for post-M4 in the modulation of channel gating.  

Post-M4 in both the nAChR and GLIC interacts directly with the β6-β7 loop (the so-called 

Cys-loop), an important link between the agonist site and the transmembrane gate (244,245).  

Tighter M4 binding to M1+M3 may facilitate interactions between post-M4 and the Cys-

loop, leading to a Cys-loop conformation that participates optimally in channel gating (208).  

Consistent with this hypothesis, neurosteroids potentiate activity by interacting with post-M4 

(259,260).  In addition, post-M4 does not interact directly with the Cys-loop in the ELIC 

crystal structure (Figure 8.1).  Significantly, crystallized ELIC does not undergo channel 

gating (220).  The loss of post-M4/Cys-loop interactions, possibly as a consequence of 

detergent solubilization prior to crystallization, may lead to the uncoupling of binding and 

gating in ELIC (191).   

The regulatory effects of M4 binding on channel gating support the proposed role of M4 as a 

lipid sensor and suggest the structural basis for lipid sensing in pLGICs.  Although we alter 

M4 binding by aromatic substitutions/additions to the M1/M3/M4 interface, lipids could 

similarly influence M4 binding and thus channel gating by either direct interactions at the 

interfaces between M4 and either M1 or M3, as observed in the GLIC structure (216), or by 

altering the relative energies of M4 bound to M1+M3 versus M4 more solvated by lipid.  

The latter mechanism may account for the improved channel gating observed with a 

naturally occurring tryptophan substitution on the lipid facing surface of M4 in the muscle-

type nAChR (180).  Enhanced M4 binding may reduce unfavorable interactions between the 

bulky tryptophan and surrounding lipids.   
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Finally, our results show that different intramembrane aromatic networks between non-pore 

lining transmembrane α-helices in different pLGICs lead to variable M4 binding, different 

efficiencies of channel gating, and thus different potentials for TMD allosteric modulation.  

pLGICs with extensive aromatic networks, such as GLIC, may exhibit tighter binding of M4 

to M1/M3, thus rendering the TMD less malleable and thus less sensitive to its lipid 

environment.  Consistent with this postulate, GLIC still maintains efficient gating in lipid 

environments that stabilize an uncoupled nAChR (221).  On the other hand, pLGICs with 

relatively few inter-α-helix aromatic interactions, such as ELIC and the nAChR, likely 

exhibit relatively weak, non-specific M4 binding, rendering the TMD relatively inefficient at 

coupling binding to gating and thus amenable to TMD potentiators.  Consistent with this 

postulate, the gating of ELIC is more sensitive to membrane lipids than that of GLIC (data 

not shown).  Intrinsically weak M4 binding may underlie the exquisite functional sensitivity 

of the nAChR to potentiating cholesterol and anionic lipids.   
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9 DISCUSSION / CONCLUSION 
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With over 50% of therapeutics targeting membrane proteins there is considerable interest in 

the acquisition of high resolution structural information to facilitate an understanding of 

membrane protein function and thus to help generate new therapeutics using rational drug 

design techniques.  The structural characterization of membrane proteins is an evolving, 

technically challenging field.  The objective of the research presented in this thesis was to 

structural characterize two prokaryotic membrane proteins to gain insight into their 

mechanisms of function. 

9.1 Structural Characterization of CfrA 

The majority of the work presented in this thesis was focused on CfrA, a TonB dependent 

transporter from Campylobacter jejuni.  At the beginning of my Ph.D. research, the structure 

of CfrA was unknown.  I successfully cloned, expressed, purified and reconstituted CfrA into 

model membranes.  I then characterized the structure of membrane reconstituted CfrA by 

FTIR.  The FTIR experiments revealed a predominantly β-strand secondary structure that is 

highly solvent exposed, and that exhibits a high thermal stability, biophysical properties that 

are all consistent with the biophysical properties of other TBDTs.  More interestingly, the 

resulting homology model revealed the absence of conserved amino acids that have been 

shown to be critical for enterobactin binding/transport leading in other TBDTs.  This 

observation led to the hypothesis that CfrA interacts with enterobactin differently than other 

enterobactin specific TBDT.  The attractiveness of this hypothesis stems from the potential 

of CfrA as a C. jejuni specific therapeutic target.  The potential specific targeting of C.jejuni 

strains could eliminate/hinder colonization liberating the substantial financial burden 

associated with C. jejuni infection.  
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To explore the molecular determinates of siderophore binding to CfrA, high resolution 

structural information was required.  I therefore set out to crystallize CfrA and thus solve its 

crystal structure.  A considerable amount of screening led to conditions resulting in the 

appearance of birefringence.  These conditions underwent successive rounds of refinement to 

yield conditions that reproducibly produce large three-dimensional crystals.  These 

refinements culminated in the production of a 5Å model of the CfrA β -barrel.  Shortly 

afterwards, further screening revealed that improved CfrA crystals grew in the presence of 

iron.  These crystals were the largest produced to date and diffracted to approximately 8 Å 

via home source.  Unfortunately, logistics and time restraints did not allow a thorough 

screening of these new promising crystals at the ESRF.  I believe that I have conditions that 

will produce a high resolution crystal structure of CfrA given consistent access to a 

synchrotron. 

However, additional experiments focusing on facilitating an increase in crystal contacts 

could prove beneficial.  The removal of the affinity tag present on the N-terminus of the 

protein would be my first concern.  Replacing the enterokinase cleavage site with a more 

robust protease such as 3C HRV could aid in the formation of crystal-crystal contacts.  

Limited proteolysis may identify regions of the protein for removal to facilitate 

crystallization. In addition, decreasing the micellar belt surrounding the protein could be 

beneficial.  Exploring detergent concentrations between 0.05 % and 0.1 % may yield a 

compromise between fragility and resolution.  

The mechanism by which TBDT transport siderophores into the periplasm is highly debated 

with the consensus that a conformation change is required within the plug domain to 

facilitate transport.  To investigate the dynamics of the plug domain, I set out to study the 
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isolated plug domain by NMR.  I developed conditions for the expression, purification and 

structural characterization of the plug domain.  The plug domain exhibits a mixed α/β 

secondary structure that undergoes complete 1H-2H exchange upon initial exposure to 2H2O.  

The complete 1H-2H exchange was an interesting finding, as I would expect most globular 

protein to have a hydrophobic core with some peptide N-1H that are resistant to 1H-2H 

exchange.  For comparison, myoglobin, a soluble globular protein of equivalent size to the 

isolated plug domain does not undergo complete 1H-2H exchange after two and a half hours 

(176).  Although anecdotal, this suggests a highly dynamic plug structure allowing high 

levels of solvent penetration.   

Unfortunately, the apparent equilibrium of the plug domain between monomers and dimers 

complicates the analysis of the NMR experiment, thus conditions must be found that favor 

one state.  The elimination of hydrophobic patches located on the mixed β -strand may 

abolish oligmer formation and facilitate the acquisition of NMR data.  Regardless, the ability 

of the plug domain to fold, maintain a relatively stable dynamic structure, bind ligand, and 

refold after denaturation supports a hypothesis by which the plug domain 

partially/completely unfolds from the interior of the barrel to allow transport of the ferric-

siderophore into the periplasm.   

9.2 Structural and Functional Characterization of ELIC 

The second goal of my thesis was to examine the role of intramembrane aromatic residues in 

both the lipid sensitivity and gating of pLGICs.  The prokaryotic pLGIC, ELIC was first 

identified in 2005, and the crystal structure determined in 2008. At the start of this research 

project, the structural and functional characteristics of ELIC in different lipid membranes 

was unexplored (215,217).  I successfully expressed, purified and reconstituted ELIC into 
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two model membrane systems and then compared its structure and propensity to adopt an 

uncoupled conformation to that of both the nAChR and GLIC in the same two membrane 

environments. 

The nAChR is extremely sensitive to its lipid environment and adopts an uncoupled 

conformation in PC membranes characterized by increased levels of peptide 1H-2H exchange 

after prolonged exposure to 2H2O, and by an inability to undergo agonist-induced 

conformational change (208).  The increased levels of peptide 1H-2H exchange suggest the 

exposure of previously buried regions of the nAChR polypeptide backbone to solvent in the 

uncoupled state.  This increased exposure may occur at the interface between the agonist 

binding and transmembrane gating domains.  A physical separation between these two 

domains leading to weakened interactions at this interface could account for that inability of 

PC-nAChR to couple agonist binding to channel gating (208).  In contrast, PC-GLIC does 

not adopt an uncoupled conformation.  Specifically, both aso-GLIC and PC-GLIC have 

similar levels of peptide 1H-2H exchange after prolonged exposure to 2H2O.  PC-GLIC also 

undergoes agonist-induced conformational change, as detected subsequent to injection of the 

PC-GLIC membranes into X. laevis oocytes.   

The structural characterization of membrane reconstituted ELIC presented here shows that 

ELIC exhibits an essentially identical mixed α/β structure in both asolectin and PC lipid 

membranes.  No changes in the levels of peptide 1H-2H exchange were detected with ELIC 

in asolectin versus PC membranes, suggesting that ELIC in both bilayer environments adopts 

folded, coupled conformations.  These data suggest that ELIC does not adopt a conformation 

in PC membranes similar to the uncoupled nAChR.  However, in contrast to the injection of 

aso-ELIC into X. laevis oocytes, the injection of PC-ELIC did not lead to the appearance of 
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cysteamine-induced currents across the oocyte plasma membrane.  It has been suggested that 

the reconstituted membranes retain their lipid environment after fusion with the oocyte 

plasma membrane (238).  This suggests that the function of ELIC is abrogated in PC 

membranes.  The minimal PC membranes do not appear sufficient to promote gating of 

ELIC.  Note that based on the peptide hydrogen exchange data, PC-ELIC does not appear to 

adopt an uncoupled conformation equivalent to the uncoupled PC-nAChR.  PC-ELIC must 

therefore adopt a structure somewhat intermediate between the uncoupled and coupled 

conformations observed in native membrane environments.     

9.3 ELIC and the uncoupled state 

ELIC has fewer aromatic interactions at the helical interface between M4 and M1+M3 

compared to GLIC, but more than the nAChR.  Intramembrane aromatic interactions are the 

driving force in the association of M4 with M1+M3 during folding of the GlyR (214).  One 

possible explanation for my data is that the reduced number of aromatics at the helical 

interface between M4 and M1+M3 in ELIC leads to weaker M4 binding to M1+M3 than in 

GLIC.  This might account for the noted increased sensitivity of ELIC to environmental 

factors compared to GLIC.  It is plausible that fewer intramembrane aromatic interactions 

lead to an increased sensitivity to detergent.  By comparison, the greater number of 

intramembrane aromatic interactions in GLIC may lead to stronger interactions between M4 

and M1+M3 resulting in a protein that is less sensitive to detergent solubilization.   

The argument becomes stronger when the nAChR is incorporated into the discussion.  The 

nAChR has even fewer intramembrane aromatics than ELIC.  Based on our hypothesized 

role for aromatics in M4 binding to M1+M3 and thus in uncoupling, the nAChR should be 

more sensitive to detergent solubilization and should exhibit a greater propensity to adopt an 
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uncoupled conformation.  In agreement, it is well documented that lipids must always be 

present after detergent-solubilization for the nAChR to retain the ability to undergo agonist-

induced conformational change (234).  The absence of a high resolution crystal structure of 

the nAChR, despite its relative abundance, may also support the idea that fewer 

intramembrane aromatic interaction weaken the interactions between M4 and M1+M3.  

Crystallization requires a stable homogenous protein.  If the interactions between M4 and 

M1+M3 are weak due to few aromatic interactions, the binding of M4 to M1+M3 may not be 

maintained after detergent-solubilization.  Displacement of M4 away from M1+M3 may 

hinder crystallization of the nAChR.   

The nAChR, ELIC and GLIC exhibit a gradient of intramembrane aromatic interactions at 

the helical interface between M4 and M1+M3 (nAChR<ELIC<GLIC).  One notable 

difference between ELIC and GLIC, however, is that GLIC exhibits a cluster of aromatic 

residues between M4 and M1+M3 near the C-terminus of M4, while this post-M4 aromatic 

cluster is absent in ELIC.  One explanation for our data is that the aromatic residues present 

in ELIC are sufficient to bind M4 to M1+M3 during purification and reconstitution so that 

ELIC adopts a conformation similar to that of coupled conformations.  Due to the absence of 

the post-M4 aromatic cluster, the binding of post-M4 however may not be optimal in PC 

membranes to support gating.  This hypothesis can be rationalized in terms of the crystal 

structure of ELIC.  It was not possible to model the M4 as an α-helix.  Most importantly, the 

final 5 residues in M4 (RTGIL) were not observed in the crystal structure, suggesting a 

relatively high degree of flexibility/mobility of post-M4 in the detergent solubilized state.  

As a result, there is no interaction between post-M4 and the β6-β7 loop, and the interactions 

between both the β1-β2 and β6-β7 loops with the M2-M3 linker are weakened, relative to 
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both the GLIC and nAChR structures.  The ELIC crystal may represent the uncoupled 

conformation, which may be stabilized upon detergent solubilization.  Consistent with this 

interpretation, no change in pore diameter was observed upon agonist binding to a 

crystallized ELIC mutant, which in Xenopus oocytes is stabilized in the open state and 

exhibits no propensity to desensitize (220).  The lack of a detected agonist-induced 

conformational change supports the hypothesis that the ELIC adopts an uncoupled state in 

the detergent solubilized state.   

9.4 Intramembrane aromatics interactions influence the propensity to form an uncoupled 
receptor 

To test the hypothesis that increased intrahelical aromatic interactions promote M4 binding 

to M1+M3 thus leading to a reduced propensity to adopt an uncoupled conformation, I 

systematically introduced aromatic residues into ELIC at locations corresponding to the 

locations of aromatics in GLIC.  To evaluate the effects of the aromatic substitutions on 

ELIC function, I heterologously expressed each mutant in X. laevis oocytes and 

characterized the gating response to cysteamine.  Note that the mutations are distinct from 

the agonist binding side and therefore have no affect on the agonist binding affinity.  All 

ELIC mutants tested showed a decrease in EC50 demonstrating an increase in coupling of 

agonist binding to channel gating.  Consistent with the M4 lipid-sensor model, increased 

binding of M4 to M1+M3 does influence channel gating.  In fact, the ELIC mutant with five 

aromatic substitutions yielded a 10 fold increase in EC50 compared to the wildtype.  Such an 

increase in the efficiency of gating in vivo would result in dramatic affects on human 

biology.  For example, similar changes in EC50 observed with a Cys to Trp mutation on the 

membrane exposed surface of the muscle-type nAChR lead to a severe myasthenic syndrome 

(180,249,261).  In the context of the latter observation, our finding that altered M4 binding to 
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M1+M3 can influence the efficiency of gating 10-fold suggests that modulation of M4 

binding to M1+M3 could play an important role in modulating synaptic communication.   

I have demonstrated that increased intramembrane aromatic interaction leads to a greater 

propensity to adopt a coupled conformation.  It is appealing to predict that the ELIC mutant 

with increased intramembrane aromatic interactions may be more stable upon detergent 

solubilization, and thus may adopt a functional conformation in the crystallized state.   

9.5 Increased aromatic and lipid sensitivities in vivo? 

It is also interesting to note that different nAChR subunits exhibit varying levels of aromatic 

residues at the interface between M4 and M1+M3.  Figure 9.1 shows a sequence alignment 

of the predicted TM helices of different neuronal α-subunits, highlighting aromatic residues.  

Homology models of α 5, α 6 and α 7 subunits based on the α -subunit of the nAChR are also 

presented (Figure 9.2).  The substantial differences in aromatic-aromatic interaction between 

subunits may translate into different affinities of M4 binding to M1+M3 leading to different 

efficiencies of gating.    

9.6 Increased aromatic content and potentiation/inhibition in vivo?   

Many general anesthetics influence pLGIC activity by binding to the transmembrane 

domain.  Although some potentiate while others inhibit the activity of pLGICs, the 

mechanisms by which the anesthetic influence pLGIC activity remains elusive (181,262).  

The nAChR is extremely sensitive to its lipid environment and in the absence of activating 

lipids adopts an uncoupled conformation (208).  M4 is ideally situated to convey the 

biophysical properties of the lipid bilayer to the protein, altering conformation.  Lipids are 

proposed to allosterically modulate the nAChR by influencing the interactions between 

postM4 of the TMD with the β6-β7 loop of the ECD governing the propensity to adopt a 
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Figure 9.1 

 
Sequence alignment of neuronal subunits of the nAChR.  Predicted transmembrane α-helices 
are indicted below alignment with aromatic residues highlighted.   
 



     204  KRSERFYECCK-EPYPDVTFTVTMRRRTLYYGLNLLIPCVLISALALLVFLLPADSGEKISLGITVLLSL  272
     217  TYNTRKYECCA-EIYPDITYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSECGEKITLCISVLLSL  285

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307
A5                            226  SKGNRTDSCC---WYPYVTYSFVIKRLPLFYTLFLIIPCIGLSFLTVLVFYLPSNEGEKICLCTSVLVSL  292
A1                            229  WKHSVTYSCCPDTPYLDITYHFVMQRLPLYFIVNVIIPCLLFSFLTGLVFYLPTDSGEKMTLSISVLLSL  298

                     
A7_                           273  TVFMLLVAEIMPATSDSVPLIAQYFASTMIIVGLSVVVTVIVLQYHHHDPDGG-KMPKWTRVILLNWCAW  341
A4                            286  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPRTH-TMPTWVRRVFLDIVPR  354
A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376
A5                            293  TVFLLVIEEIIPSSSKVIPLIGEYLVFTMIFVTLSIMVTVFAINIHHRSSSTHNAMAPLVRKIFLHTLPK  362
A1                            299  TVFLLVIVELIPSTSSAVPLIGKYMLFTMVFVIASIIITVIVINTHHRSPSTH-VMPNWVRKVFIDTIPN  367
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A3                            438  SPEIKEAIQSVKYIAENMKAQNEAKEIQDDWKYVAMVIDRIFLWVFTLVCILGTAGLFLQP----LMAR-  502

                                                 
     430  DPDLAKILEEVRYIANRFRCQDESEAVCSEWKFAACVVDRLCLMAFSVFTIICTIGILMSAPNFVEAVSK  499
     561  SPALTRAVEGVQYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLWMFIIVCLLGTVGLFLPP----WLAGM  626

A6                            426  SPEVEDVINSVQFIAENMKSHNETKEVEDDWKYVAMVVDRVFLWVFIIVCVFGTAGLFLQP----LLGN-  490

A2                            463  SPHMQKALEGVHYIADHLRSEDADSSVKEDWKYVAMVIDRIFLWLFIIVCFLGTIGLFLPP----FLAGM  528
     390  RNTLEAALDSIRYITRHIMKENDVREVVEDWKFIAQVLDRMFLWTFLFVSIVGSLGLFVPVI--YKWANI  457
     414  HPEVKSAIEGIKYIAETMKSDQESNNAAAEWKYVAMVMDHILLGVFMLVCIIGTLAVFAGRL--IELNQQ  481

     500  DFA--------  502
     627  I----------  627

A6                            491  TGKS-------  494
A3                            503  EDA--------  505
A2                            529  I----------  529

     458  LIPVHIGNANK  468
     482  G----------  482
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M4

LIAQYFASTMIIVGLSVVVTVIVLQYH
PLIGEYLLFTMIFVTLSIVITVFVL

A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376

LIGEYLVFTMIFVTLSIMVTVFAINIH
LIGKYMLFTMVFVIASIIITVIVINTH

LIAQYFASTMIIVGLSVVVTVIVLQYHLIAQYFASTMIIVGLSVVVTVIVLQYH
PLIGEYLLFTMIFVTLSIVITVFVL

A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376

LIGEYLVFTMIFVTLSIMVTVFAINIH
LIGKYMLFTMVFVIASIIITVIVINTH

PLIGEYLLFTMIFVTLSIVITVFVL
A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376

LIGEYLVFTMIFVTLSIMVTVFAINIH
LIGKYMLFTMVFVIASIIITVIVINTH

PLIGEYLLFTMIFVTLSIVITVFVL
A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376

LIGEYLVFTMIFVTLSIMVTVFAINIH

A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352

NWVRKVFI

KWTRVILLNW
NVHHRSPRTH-TMPTW

A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376

VRRVFLDIVPR
A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352

PLVRKIFLHTLPK
NWVRKVFI

KWTRVILLNWCAW  341TVFMLLVAEI
TVFLLLITEI

A6                            283  TVFLLVITETIPSTSLVVPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPTTH-TMPRWVKTVFLKLLPQ  351
A3                            284  TVFLLVITETIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHYRTPTTH-TMPSWVKTVFLNLLPR  352
A2                            308  TVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPSTH-TMPHWVRGALLGCVPR  376

TVFLLVIEEI
TVFLLVIVEL

LYYGLNLLIPCVLISALALLVF
LFYTINLIIPCLLISCLTVLVFY

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

LPLFYTLFLIIPCIGLSFLTVLVF
LYFIVNVIIPCLLFSFLTGLVFY

LYYGLNLLIPCVLISALALLVF
LFYTINLIIPCLLISCLTVLVFY

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

FYTLFLIIPCIGLSFLTVLVF
LYFIVNVIIPCLLFSFLTGLVFY

LYYGLNLLIPCVLISALALLVF
LFYTINLIIPCLLISCLTVLVFY

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

FYTLFLIIPCIGLSFLTVLVF
LYFIVNVIIPCLLFSFLTGLVFY
FYTLFLIIPCIGLSFLTVLVF

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283

LYYGLNLLIPCVLISALALLVF
LFYTINLIIPCLLISCLTVLVFY

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

FYTLFLIIPCIGLSFLTVLVF
LYFIVNVIIPCLLFSFLTGLVFY

LFYTINLIIPCLLISCLTVLVFY
A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

FYTLFLIIPCIGLSFLTVLVFYLPSNE
LYFIVNVIIPCLLFSFLTGLVFY

LFYTINLIIPCLLISCLTVLVFY
A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

FYTLFLIIPCIGLSFLTVLVF
LYFIVNVIIPCLLFSFLTGLVFY

A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307
YVTYSFVIKR

YLDITYHFVMQR

ECCK-EPYP
CCA-EIYPDITYAFVIRR

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

TDSCC---WYP
SCCPDTPYLDITYHFVMQR

DVTFTVTMRR
YPDITYAFVIRR

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

YVTYSFVIKR
YLDITYHFVMQR

TDSCC---WYP
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

KRSERFY
TYNTRKYE

A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282
A3                            215  YKHDIKYNCCE-EIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSDCGEKVTLCISVLLSL  283
A2                            239  TYNSKKYDCCA-EIYPDVTYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSDCGEKITLCISVLLSL  307

FYTLFLIIPCIGLSFLTVLVF
LYFIVNVIIPCLLFSFLTGLVFY

YPDITYAFVIRR
A6                            214  YKHDIKYNCCE-EIYTDITYSFYIRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCGEKVTLCISVLLSL  282

TYNTRKYE

WKHSVTY

A3                            438  SPEIKEAIQSVKYIAENMKAQNEAKEIQDDWKYVAMVIDRIFLWVFTLVCILGTAGLFLQP----LMAR-  502

DPDLAKILEEVRYIANRFRCQDESEAVCSEWKFAACVVDRLCLMAFSVFTIICTIGILM
EGVQYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLWMFIIVCLLGTVGLFL

A6                            426  SPEVEDVINSVQFIAENMKSHNETKEVEDDWKYVAMVVDRVFLWVFIIVCVFGTAGLFLQP----LLGN-  490

A2                            463  SPHMQKALEGVHYIADHLRSEDADSSVKEDWKYVAMVIDRIFLWLFIIVCFLGTIGLFLPP----FLAGM  528
     390  RNTLEAALDSIRYITRHI

PEVKSAIEGIKYIAETMK

A3                            438  SPEIKEAIQSVKYIAENMKAQNEAKEIQDDWKYVAMVIDRIFLWVFTLVCILGTAGLFLQP----LMAR-  502

DPDLAKILEEVRYIANRFRCQDESEAVCSEWKFAACVVDRLCLMAFSVFTIICTIGILM
EGVQYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLWMFIIVCLLGTVGLFL

A6                            426  SPEVEDVINSVQFIAENMKSHNETKEVEDDWKYVAMVVDRVFLWVFIIVCVFGTAGLFLQP----LLGN-  490

A2                            463  SPHMQKALEGVHYIADHLRSEDADSSVKEDWKYVAMVIDRIFLWLFIIVCFLGTIGLFLPP----FLAGM  528
ENDVREVVEDWKFIAQVLDRMFLWTFLFVSIVGSLGLFVPVI
DQESNNAAAEWKYVAMVMDHILLGVFMLVCIIGTLAVFAGRL

A3                            438  SPEIKEAIQSVKYIAENMKAQNEAKEIQDDWKYVAMVIDRIFLWVFTLVCILGTAGLFLQP----LMAR-  502

DPDLAKILEEVRYIANRFRCQDESEAVCSEWKFAACVVDRLCLMAFSVFTIICTIGILM
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Figure 9.2 

 
Homology models of α 5-, α 6-, and α 7-subunit using the nAChR (2BG9) as a template 
illustrating intramembrane aromatics.  
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coupled or uncouple protein conformation (208).  The data presented in this thesis suggest 

that intramembrane aromatic interactions between M4 and M1+M3 influence the coupling of 

binding to gating.  It is possible that general anesthetics modulate the efficiency of gating in 

the same manner – by influencing the interactions between M4 and M1+M3. 

Recently, a structure of GLIC with propofol was published (263).  Propofol is a general 

anesthetic that inhibits GLIC activation.  The site of propofol binding is thought to be 

between M1 and M3 extending towards M4 (Figure 9.3).  Comparing a previous structure of 

GLIC, presumed open, without propofol to the new structures reveals no difference in pore 

diameter suggesting that propofol has no direct influence on pore dimensions (263).  One 

other possibility is that propofol binding influences interactions between M4 and M1+M3.  

Bound propofol extends out towards M4 and could weaken the interactions between M4 and 

M1+M3.  If drugs, such as propofol, do influence M4 interactions with M1+M3, it is 

interesting to speculate that the dosage required to inhibit different neuronal nAChRs may be 

sensitive to the different levels of intramembrane aromatic residues at the interface between 

M4 and M1+M3.  Aromatic mutants described in Chapter 8 could be used to probe the role 

of anesthetics in inhibition as described above.  The aromatic mutant of ELIC with 5 

aromatic additions resulted in a 10 fold increase in efficiency of gating suggesting a stronger 

interaction between M4 and M1+M3 compared to the wildtype ELIC.  I predict that this 

aromatic mutant would be less sensitive to the inhibition by propofol due to the strong 

interactions between M4 and M1+M3.  In contrast, I predict that the wildtype ELIC would 

be the most sensitive to inhibition by propofol, as the fewer intramembrane aromatic 

interactions at the M4 and M1+M3 interface likely result in weaker interactions between M4 

and M1+M3.    
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Figure 9.3 

 
Crystal structure of propofol bound to a pentameric ligand gated ion channel, GLIC (3P50) 
(263).  In the crystal structure, propofol binds between M1 and M3 and extends towards M4 
potentially inhibiting the interactions between M4 and the helical bundle. 
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With over 30% of the human genome predicted to be membrane proteins and over 50% of 

therapeutics targeted towards membrane proteins, structural characterization of membrane 

proteins is crucial.  Further structural and functional characterization should lead to insight 

into both the mechanism of action of agonist and allosteric modulators that influence 

function.  The work presented in this thesis shows substantial progress towards the structural 

and functional characterization of two integral membrane proteins: CfrA, a potential 

therapeutic target from Campylobacter jejuni, and ELIC, a model pentameric ligand gated 

ion channel, from Erwinia chrysanthemi.  
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