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Abstract 
 

Rhomboids are intramembrane serine proteases that cleave transmembrane (TM) protein 

substrates within the phospholipid bilayer. Since the discovery of the first rhomboid protease, 

many homologous rhomboids have been identified in all kingdoms illustrating their biological 

significance.  Rhomboids are key players in a variety of biological processes such as, cell 

signalling, protein degradation, mitochondria health, apoptosis, and pathogenicity. While the 

mechanism of substrate entry into the rhomboid active site is still not clear, it is thought to involve 

dynamics around the putative substrate gate, of which appears to be comprised of the fifth 

transmembrane a-helix. A powerful tool that can be used to investigate conformational dynamics 

around the substrate gate is solution-state nuclear magnetic resonance (NMR). However, due to 

the size restriction of solution-state NMR, only detergent micelles have been able to produce well-

resolved 1H-15N HSQC spectra of rhomboids. However, the lipid membrane environment has a 

significant impact on rhomboid structure and function. The use of membrane-scaffolding proteins 

(MSPs) in the formation of nanodiscs has the potential to allow the study of rhomboid dynamics 

in lipid bilayers by solution-state NMR. Therefore, this thesis investigates the plausibility of 

incorporating rhomboid into nanodiscs that would be compatible with solution NMR with a focus 

on the E. coli rhomboid, ecGlpG. The formation of empty (no ecGlpG) and ecGlpG-encapsulated 

nanodiscs was attempted using two MSP variants. While some successful nanodisc formation was 

possible, MSP degradation and low yields were seen for all nanodisc samples. Further optimization 

or alternate nanodisc systems will be required to incorporate ecGlpG into more membrane-like 

environments in a state that is compatible with solution-state NMR.  
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Chapter 1: Introduction  

1.1 Intramembrane proteases  

The cell membrane is a hydrophobic barrier between the internal and external environment 

of a cell and permits a variety of crucial functions that aid in cell survival through the actions of 

various proteins.1–3 Intramembrane proteases (IMPs) are a family of proteins that have multi-

spanning transmembrane domains (TMDs) that catalyze the hydrolytic cleavage of peptide bonds 

in both solvent-exposed and buried regions of transmembrane (TM) sequences.3 While this 

initially raised questions about how proteolysis could occur within a membrane environment as 

the presence of water molecules is limited,4 crystal structures have revealed water molecules in the 

catalytic active site.5 IMPs are involved in a vast array of biological roles which include but are 

not limited to the propagation of cell signalling cascades, and the processing or degradation of 

alternative integral membrane proteins.3 Four different classes of IMPs have been identified since 

their initial discovery around 25 years ago: metallo-protease IMPs, aspartyl IMPs, glutamyl IMPs, 

and rhomboid proteases which will be the topic of this thesis.6–9  

 

1.2  Rhomboid protease 

Rhomboid proteases are serine intramembrane proteases that cleave transmembrane 

substrates at the N-terminal side of a transmembrane helix which contribute to a wide range of 

biological processes including cell signaling, protein degradation, apoptosis, and pathogenicity.3,9–

23 Eukaryotic and prokaryotic proteases have been identified in all kingdoms of life, including 

humans and Escherichia coli, the latter of which will be the focus of this thesis.9,16,24,25 Cleavage 

of the substrate may produce a ligand for downstream signaling, change the functionality of a 

protein, or initiate degradation depending on the biological function of the rhomboid protease. 
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Regardless, based on sequence homology the mechanism of the catalysis is thought to remain the 

same across the family. Most of what is known about rhomboid protease structure and function is 

based on studies of the E. coli rhomboid protease, GlpG, in detergent micelle. 4,26–29 Although 

micelles are convenient for solution-phase biophysical experiments, they do not accurately 

represent all characteristics of the native lipid environment (discussed in 1.6.1). This thesis aims 

to determine whether the E. coli rhomboid serine protease, ecGlpG, function can be maintained 

and studied through solution-state nuclear magnetic resonance (NMR) within a more native lipid 

bilayer environment such as that encapsulated in nanodiscs (discussed in more detail in 1.6.4).  

 

1.3  Biological function of rhomboids  

1.3.1 Cell signalling  

 The first rhomboid protease to be discovered was Rhomboid-1 in Drosophila melanogaster 

which was so named due to a characteristic morphology of the head in Drosophila embryos with 

mutations in this gene.17 Rhomboid-1 catalyzes the cleavage of the TM segment of Spitz, resulting 

in the secretion of Epidermal Growth Factor (EGF).9,16 EGF acts as a signalling molecule that 

binds to the EGF receptor (EGFR) in Drosophila leading to the regulation of cell growth and 

development (Figure 1.1A). Subsequent rhomboid homologs were identified that also participate 

in the Drosophila EGF signalling cascade (Rhomboids 2-4),30,31 as well as mammalian rhomboids 

associated with EGFR signalling (RHBDL2 and RHBDL4).18,19  
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Figure 1.1: Biological role of various rhomboid proteases. (A) Cleavage of the Spitz TM helix 
(orange) by Rhomboid-1 (blue) releases EGF to bind EGFR and trigger downstream signalling 
events. (B) AarA (blue) cleavage of TatA (orange) allowing for the formation of the twin arginine 
translocation complex responsible for the secretion of a signalling molecule (black) critical for 
quorum sensing. (C) The recognition of ubiquitinated, misfolded proteins (orange) by the 
Ubiquitin Interacting Motifs (UIM) on RHBDL4 (blue) leading to the recruitment of p97/VCP that 
results in their degradation by ERAD. (D) The recognition and cleavage of Smac (orange) by 
PARL (blue) resulting in the translocation of the signalling molecule, mature Smac, to the outer 
mitochondrial membrane where it facilitates the initiation of apoptosis.  

An additional rhomboid protease that is involved in cell signalling to facilitate quorum 

sensing and biofilm formation is the prokaryotic rhomboid, AarA, in Providencia stuartii; 

EGF
R 
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however, the signalling mechanism differs significantly from rhomboids in eukaryotes. AarA 

cleaves the N-terminal inhibitory sequence on the twin-arginine translocase component A (TatA) 

permitting its oligomerization to form a membrane pore that is part of the twin-arginine 

translocation complex with TatB and TatC (Figure 1.1B).20,21,32,33 While this cascade is known to 

result in the export of virulence factors that lead to quorum sensing and biofilm formation, the 

signalling molecule responsible for this activity has yet to be identified.   

 
 
1.3.2 Protein Degradation  

 While the human rhomboid, RHBDL4, plays a role in cell signalling as mentioned 

previously, the primary role of this rhomboid is the degradation of misfolded proteins that are 

associated with the Endoplasmic Reticulum-Associated Degradation (ERAD) pathway.3,22,34 

RHBDL4 is located within the ER and binds ubiquitinated TM proteins resulting in cleavage of 

the substrate and the recruitment of the p97 AAA+ ATPase to promote the proteasomal degradation 

of the resulting fragments (Figure 1.1C).22,23,34 In addition,  RHBDL4 has been shown to intercept 

the amyloid precursor protein (APP), preventing its transport to the cell membrane where it can 

form the amyloid plaques that have been implicated in Alzheimer’s disease.35,36 It does this by 

cleaving APP into two non-amylogenic fragments, reducing the amount of APP that can form 

amyloid plaques.35 While there is uncertainty on whether the human rhomboid uses the ERAD 

pathway to degrade APP, these results illustrate a potential role for RHBDL4 to inhibit or delay 

onset of APP associated diseases such as Alzheimer’s.   
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1.3.3 Mitochondrial rhomboids and apoptosis  

Presenilin-associated rhomboid-like (PARL) protein, a mitochondrial rhomboid located in 

the IMM, has been associated with diseases such as insulin resistance, type 2 diabetes10 and 

Parkinson’s.37,38 The first substrate of PARL to be identified was the phosphatase and tensin 

homolog (PTEN)-induced putative kinase 1 (PINK1) which activates signalling pathways 

important for maintaining mitochondria quality and health.11,37 In healthy mitochondria, PINK1 in 

the IMM by is cleaved by PARL, while in mitochondria suffering from oxidative stress,39 PINK1 

is not processed and builds up within the outer mitochondrial membrane (OMM).37 The 

accumulation of full-length PINK1 causes phosphorylation that recruits E3 ubiquitin ligase Parkin 

leading to mitophagy/apoptosis of the cell.40,41 Inhibition of this pathway through the use of PARL-

specific ketoamide inhibitors  leads to an increase in mitophagy, illustrating a possible therapeutic 

approach for treatment of Parkinson’s disease.40  

Another substrate of PARL is the START domain-containing protein, STARD7, which is 

important for the accumulation of phosphatidylcholine (PC) needed in the IMM for respiration and 

cristae morphogenesis.12 STARD7 cleavage results in two fragments, one that moves to the cytosol 

while the other travels to the intramembrane space (IMS). A lower level of STARD7 cleavage 

products within the IMS prevents the transfer of PC across the IMS, giving rise to respiration and 

cristae development deficiencies.12  

In addition to PINK1 and STARD7, PARL has also been shown to cleave mitochondrial 

protein Smac in apoptotic cells. Cleavage of Smac results in its release from the IMM into the 

cytosol where the mature Smac fragment binds to and inhibits inhibitors of apoptosis (Figure 

1.1D).42 While this pro-apoptotic mechanism seems to be a secondary method to allow the release 

of cytochrome c,42 increasing understanding of the role of PARL in maintaining mitochondrial 



  
 

6 

health enhances the possibility that novel therapeutic strategies for acute asthma, and impaired 

mitochondrial ATP production could be developed in the future.  

 

1.3.4 Role in pathogenicity 

 Rhomboid proteases have been found to play a role in pathogenicity in a vast array of 

species which include but are not limited to: Plasmodium falciparum, Trichomonas vaginalis, 

Toxoplasma gondii, Entamoeba histolytica, and Aspergillus fumigatus.13–15,43–46  

 The  T. gondii rhomboid protease ROM4 is important for invasion of the host cell through 

the cleavage of its substrate, micronemal protein 2 (MIC2).14,47 The ROM4 knock-out gives rise 

to accumulation of MIC2 on the surface  that  impairs internalisation  of T. gondii into its host 

cell.14 Similarly, the rhomboid protease from E. histolytica, EhROM1, plays a critical role in  

adhesion and phagocytosis of human red blood cells by this parasite.44 EhROM1 knock-out 

parasites showed a decrease in cytotoxicity, directional and non-directional migration, and 

hemolytic activity which suggests multiple substrates are targeted by this protease.44 A similarly 

complex role for rhomboids in parasite pathogenicity was observed for P. falciparum, the causative 

agent of malaria. There is evidence that thrombospondin related anonymous protein (TRAP) that 

is crucial for tissue migration may be cleaved by ROM4 allowing host cell invasion through TRAP 

interactions with actomyosin motors.15  P. falciparum proteases pfROM1 and pfROM4 have also 

been shown to be crucial for the invasion process as they cleave adhesin proteins that enable the 

release of the mature parasite into the host cell.48 Continued investigations into ROM4, EhROM1, 

and pfROM1 and pfROM4 may aid in the development of therapeutics for pathogenic diseases 

such as malaria.  
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1.3.5 E. coli rhomboid protease, GlpG 
 
  Unlike in apicomplexan species, the physiological role of the E. coli (ecGlpG) rhomboid 

protease function is not well understood. GlpG was initially thought to play a role in the regulation 

of glycerol metabolism; however, in studies conducted on E. coli GlpG knockouts, growth and 

replication were not affected.49,50 More recently, a potential role for ecGlpG in extraintestinal 

pathogenic E. coli (ExPEC) gut colonization was identified in mouse intestinal tracts and on 

mucous plates46 with a decrease in gut colonization by ecGlpG knock-outs both in vitro and in 

vivo.46 However, it is possible that downstream effects on the GlpR gene that resides within the 

glpEGR operon may have been the causative agent for this phenotype, indicating that ecGlpG may 

play a role in glycerol metabolic pathways to enhance ExPEC virulence.46 Despite little being 

known about the role of ecGlpG or its physiological substrate, GlpG is used as the model protein 

for the rhomboid serine protease family due to the vast amount of structural and biochemical data 

that has been acquired on this system, partially owing to its relative ease of sample production.  

 In summary, rhomboid proteases play a role in a wide variety of biological processes, all 

of which rely on the ability to catalyze hydrolytic cleavage reactions within the phospholipid 

bilayer. While these studies provide insight into the mechanism of rhomboid protease function, 

there is significant interest in determining the structural mechanisms by which rhomboids act so 

that therapeutic agents can be developed to treat the numerous disease states that rhomboids 

contribute to. 

 

1.4 Mechanism of rhomboid proteolysis  

 Rhomboids comprise a family of serine proteases that are able to achieve proteolytic 

cleavage of a peptide bond within transmembrane substrates using a mechanism similar to that of 
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soluble serine proteases. However, unlike other serine proteases, rhomboids accomplish 

proteolysis through a catalytic dyad that consists of a serine and histidine. The catalytic serine acts 

as a nucleophile, (Figure 1.2A), which attacks the carbonyl carbon in the peptide bond to form a 

negatively charged tetrahedral intermediate that is stabilized by the oxyanion hole. The 

nucleophilic activity of the hydroxyl group on serine is enhanced by hydrogen bonding interactions 

with histidine to activate the imidazole side chain. Through the collapse of the tetrahedral 

intermediate, the N-terminal cleavage product is released, causing the formation of a covalent acyl-

enzyme intermediate. Subsequent hydrolysis via formation of a second tetrahedral intermediate 

releases the C-terminal cleavage product which re-establishes the active site for subsequent 

cleavage events.28,51–53 This slightly differs from all other know serine proteases since they utilize 

a catalytic triad that adds aspartic acid to the active site. In conventional serine proteases, the 

aspartic acid increases the basicity of histidine so it can more effectively activate the nucleophilic 

serine. It has been proposed that a conserved asparagine residue performs a similar function to the 

aspartic acid residue;51,53 however, subsequent studies have suggested alternative hypotheses such 

as the stabilizing pi-stacking interactions made between the catalytic histidine and the tyrosine at 

position 205.54 That being said, the proteolytic rate of ecGlpG is very slow (on the order of 

minutes) suggesting that the catalytic dyad may be sufficient to complete the proteolytic function.28  
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Figure 1.2: Rhomboid mechanism of peptide hydrolysis. (A) Catalytic mechanism starting with 
nucleophilic attack by the catalytic serine hydroxyl group activated by histidine (1), forming a 
tetrahedral intermediate (2), with its collapse giving rise to an acyl-enzyme intermediate (3). 
Activation of water forms a second tetrahedral intermediate (4) which collapses to release the 
cleavage products and regenerate the rhomboid active site (5). The oxyanion hole is illustrated in 
green, and the substrate in blue. (B) Schematic representation of nomenclature for protease active 
site and substrate, showing the interactions between substrate side chains (P3-P3’) and substrate 
binding pockets (S3-S3’).  
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As proteases cleave substrates at specific positions within their sequences, a standard 

nomenclature is used to define the cleavage locations and their respective protein binding sites 

(Figure 1.2B). This classic nomenclature defines the cleavage of the peptide bond occurring 

between the P1 and P1’ substrate positions which correspond to the S1 and S1’ protein binding 

sites on the rhomboid protease. With increasing distance to the N- or C-termini, the substrate 

positions are classified using PX and PX’ respectively, where X indicates the position of the amino 

acid relative to the cleavage site. Similarly, the protein substrate-binding pockets are called SX and 

SX’ for binding pockets that interact with PX and PX’, respectively.  

 

1.5 Rhomboid structure and function  

1.5.1 Rhomboid substrate specificity  

1.5.1.1 Consensus sequence for rhomboid proteolysis 

The consensus sequence for cleavage, as identified from various substrates (Gurken, TatA, 

Spitz, and lactose permease (LY2)) is depicted in Figure 1.3, where a large hydrophobic residue is 

located in P4, a small residue is in P1, and another hydrophobic residue is in P2’.26,55–57  

        

Figure 1.3: ecGlpG cleavage site sequences for indicated TM substrates. Regions of the sequence 
predicted to be within the TM segment are underlined.26,56–58  
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While this suggests that ecGlpG has a broad substrate sequence specificity, other factors 

such as the location of the consensus sequence with the TMD towards the N-terminus of the 

substrate on the luminal-membrane boundary57,59–61 and the presence of helix-destabilizing 

residues26,61 are also important characteristics for substrate selectivity.  

 

1.5.1.2 Other factors affecting rhomboid substrate selectivity 

In many cases, the rhomboid cleavage site appears to be embedded in the hydrophobic 

phase of the membrane in a TM helix.  It has been proposed that exposure of this segment to the 

aqueous environment of the ecGlpG active site can destabilize its a-helical structure to favour 

proteolysis.56 This is supported by the extended b-conformation observed in a tetrapeptide that was 

covalently bound to the active site serine in ecGlpG by x-ray crystallography.55 In addition, studies 

of rhomboid protease activity have shown that helix-destabilizing residues such as proline in the 

TM segment C-terminal to the cleavage site enhance susceptibility to cleavage.4,26 For example, 

the Akiyama group found that ecGlpG cleavage of the TM segment from Spitz increased 

significantly when helix-destabilizing residues were introduced at positions +17, and +18 residues 

from the cleavage site.57 Similar results were obtained for the TM helix from Gurken, where 

removal of the native proline residue near the cleavage site inhibited its cleavage but addition of a 

proline further downstream in the sequence enhanced its susceptibility to cleavage.57 These 

observations suggest that the presence of helix-destabilizing residues downstream from the 

cleavage site may be necessary for effective proteolysis of TM helix substrates.  

In addition to the presence of helix-destabilizing residues, the location of the cleavage site 

has an impact on proteolysis. For example, the consensus cleavage sequence for the Rhomboid-1 

substrate Spitz is located just outside of the TM helix near the N-terminus.60 If the cleavage 
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sequence was shifted to be closer to the TM helix, cleavage by Rhomboid-1 no longer occurred.60 

The position of cleavage sites in a number of other rhomboid substrates are typically located in the 

hydrophilic membrane-lumen boundary region.57 However, sequences outside the membrane can 

also be cleaved, as demonstrated by the addition of a hydrophilic 7-residue sequence between 

positions P3’ and P4’ that pushed the cleavage site out of the membrane yet was still susceptible 

to cleavage by ecGlpG.61   

Another factor that modulates substrate specificity may be the presence of soluble domains 

that exist outside the rhomboid TMD. Most rhomboids have at least one extramembraneous 

domain, the function of which depends on the type of rhomboid it occurs in.  One example where 

the function of the soluble domain has been identified is in the human rhomboid, RHBDL2, where 

the soluble domain is necessary for interactions with its physiological substrate, thrombomodulin, 

to aid in substrate recognition and proteolysis.59 ecGlpG also has a soluble domain located at the 

N-terminus, spanning residues 1-61,62 the function of which remains unknown. Deletion of this 

domain did not change the proteolytic activity of ecGlpG as tested in these assays,58,62,63 although 

it is possible that it may have a regulatory role in the modulation of ecGlpG activity for its yet-to-

be-identified physiological substrate. Due to the absence of changes observed in proteolytic 

activity upon the removal of the ecGlpG cytoplasmic domain, and its interaction with micelles in 

a way that promotes domain-swapping dimerization, which creates difficulties in obtaining 

samples compatible with solution-state NMR 64,65, a truncated variant of ecGlpG containing 

residues 81-276 (TMD81), was used in this thesis. 
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1.5.2 Rhomboid structure  

 The bacterial rhomboid ecGlpG is widely used as a model system for the study of rhomboid 

function due to the abundance of structural and biochemical data that has been acquired on this 

variant.5,17,27,28,54,55,59,61,62,64,66–74 Dozens of x-ray crystal structures are now available for ecGlpG, 

all of which show six TM helices connected through loops of various sizes as illustrated in Figure 

1.4. A unique L1 loop, indicated in blue in Figure 1.4, connects TM helix 1 (a1) and 2 (a2) and 

protrudes into the membrane bilayer, whereas the L2-L6 loops consist of only 1-9 residues to 

connect the adjacent TM helices. Both catalytic residues, serine-201 (S201) and histidine-254 

(H254) reside in the water-filled active site approximately 10 Å below the surface of the cell 

membrane and are located on TM helix 4 (a4) and 6 (a6) respectively (Fig. 1.4).5  Contained 

within the active site, in addition to S201 and H254, are the highly conserved GxSx and 

AHxxGxxxG motifs that are important in ensuring a4 and a6 remain in close proximity required 

for hydrogen bonding between the two catalytic residues.5,66  
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Figure 1.4: X-ray crystal structure of ecGlpG (PDB:2IC8).24 The TMD includes six a-helices that 
adopt an up-down architecture according to CATH,5 labelled a1-a6, connected by loops, including 
loop 1 (L1) that connects a1 and a2. The catalytic dyad making up the active site contains S201 
on a4 and H254 on a6 (indicated in red).  
 

 Crystal structures of ecGlpG covalently bonded to peptide-aldehyde inhibitors (Figure 

1.5A) have provided insight into interactions that are likely to stabilize formation of the tetrahedral 

intermediate. In these structures the backbone amide proton from S201, as well as the side chains 

of  H150 and N154 could form interactions with the tetrahedral intermediate as part of  the 

oxyanion hole.55,68  In addition, these structures have revealed that the catalytic S201 carries out 

nucleophilic attack on the si-face of the scissile peptide bond (Figure 1.5B), which is unlike what 

has been observed in classical water-soluble serine proteases.17,70 
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Figure 1.5: (A) ecGlpG in complex with a peptide-aldehyde inhibitor (illustrated in red) 
(PDB:5F5B). Interactions (dashed yellow lines) show the oxyanion stabilization by the side 
chains of H150 (2.69 Å), N154 (3.04 Å), and the backbone of S201 (3.3 Å). H150, N154, and 
S201 residues are illustrated in blue. (B) Illustration of the si face attack of the scissile peptide 
bond (black) by the nucleophilic serine (blue). 
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1.5.3 Substrate gating in rhomboid protease  

 As the main function of rhomboid is to perform hydrolytic cleavage of TM substrates that 

normally reside within the hydrophobic environment of the phospholipid bilayer, questions remain 

regarding the mechanism of substrate entry into the hydrophilic active site.  

 The a5 TM segment was initially postulated as the substrate gate following a study 

showing that  mutations designed to reduce or enhance interactions between a2 and a5 resulted in 

an increase or decrease, respectively, in proteolytic activity.27,28,54,72,75 Observation of an alternate 

structure for ecGlpG showing a5 bent ~35° away from a2 and the L5 loop shifted away from the 

active site gave rise to the hypothesis that this represented an open state for the enzyme (Figure 

1.6A).  However, it is possible that this state reflects the influence of crystal packing interactions, 

particularly since no other x-ray structures, out of the 42 structures that have been determined for 

ecGlpG, have shown this state.54 Instead there has been a small subset of x-ray crystal structures 

showing a lateral shift in a5 by ~1 Å upon binding to a variety of inhibitors (isocoumarins, 

fluorophosphonates, monolactams, and chloromethyketones),70 and ~5 Å in a 2016 study with a 

Gurken-derived peptide aldehyde inhibitor (Figure 1.6B).55 However, the larger lateral shift was 

only observable in a ecGlpG mutant Y205F solubilised in phospholipid bicelles in complex with 

and without a peptide-based inhibitor. Other mutants of GlpG in bicelles or detergents failed to 

show this more open state.55  
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Figure 1.6: Gate-open conformation showing a5 in a 35° bend (blue) (A) or laterally displaced 
(green) (B) and superimposed on the closed conformation (grey). The catalytic dyad is indicated 
in red. (PDB: 2IC8, 2NRF, 5F5K).5,29,55 

 
More recently, an series of time-resolved crystallographic structures done on ecGlpG in 

bicelles enabled the observation of discrete snapshots during proteolysis of a 13-mer substrate 

containing downstream helix-breaking serine and proline residues.76 Two interesting findings 

arising from this work were a >90° bend in the substrate structure and a loss of crystallographic 
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order in the L5 loop and the entire a5 helix during the catalytic cycle.76 The bend seen in the 

substrate upon formation of the tetrahedral intermediate with the catalytic serine suggests that 

mechanical stress induced in the peptide bond facilitates cleavage. In addition, the loss of electron 

density in a5 suggests that it undergoes conformational dynamics in the functional cycle.76 In 

addition, the Urban group showed that the double mutant F153A/W236A designed to weaken 

interactions between TM helix 2 (a2) and 5 (a5) had 3-fold higher activity relative to WT ecGlpG 

in proteoliposomes with the TM substrate from TatA.28 This observation suggests that the rate-

limiting step in rhomboid proteolysis is governed by substrate entry rather than proteolysis itself.28   

 Taken together, the bulk of the evidence suggests that substrate gating involves movement 

of a5 which could be the rate-governing step. In spite of the importance of these measurements, 

up until recently there was no direct measurement of the timescale of a5 and substrate gating.  

Solution-state NMR has the potential to provide insight into this potential link between 

conformational dynamics and function. Therefore, this thesis will attempt to explore this 

possibility, but rather than using detergent micelles, we will investigate the potential of nanodiscs 

as a membrane mimicking environment as described in section 1.6.4.  

 

1.6 Membrane mimicking environments  

 There are various membrane-mimetic systems that can maintain membrane proteins in a 

water-soluble state. Although a popular membrane mimic used in the study of rhomboid protease 

function and structure has been detergent micelles, other potential membrane mimics have 

emerged that provide an environment more similar to the native lipid environment. These include 

bicelles, styrene-maleic acid lipoparticles (SMALPs) and nanodiscs formed by lipid-encapsulated 

membrane-scaffolding proteins (MSPs), the latter which is the focus of this thesis. 
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1.6.1 Detergent micelles  

 Detergent micelles have been and continue to be one of the most popular membrane-

mimetics used for the study of membrane proteins since the complex they form with integral 

membrane proteins (IMPs) is relatively small.77 Micelles are characterized by a core hydrophobic 

phase typically formed by the aliphatic chains of amphipathic molecules, such as detergents, with 

the polar headgroups on the surface interacting with the surrounding aqueous environment.78 

Micelles tend to surround the TMD of integral membrane proteins to shield the hydrophobic region 

from the aqueous phase while maintaining the complex in a water-soluble state (Figure 1.7A).  

 Detergent micelles spontaneously form when the concentration exceeds the critical micelle 

concentration (CMC), where micelle charge, size and curvature are determined by the type of 

detergent used. For detergents with the same headgroup, shorter alkyl chains result in micelles that 

have a higher CMC value, greater water permeability in the hydrophobic phase, and more 

disorder.79 However, smaller micelles are more practical for solution-phase nuclear magnetic 

resonance (NMR) studies which benefit from the smaller protein-detergent complexes (PDCs) that 

are formed.  

 Despite the similarities between detergent micelles and lipid bilayers, significant 

differences exist that could affect membrane protein structure and function. As illustrated in Figure 

1.6A, detergent micelles have a greater curvature compared to lipid bilayers and use detergents 

which contain one acyl chain rather than two, as seen in phospholipids, resulting in a more 

permeable environment to lipids and/or water.  This gives rise to a decrease in lateral pressure that 

is exerted on the protein in a detergent micelle relative to the phospholipid bilayer.26,54,80–82 Not 

only does this increase the amount of water that can access the hydrophobic core,  but can also 
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alter the conformational dynamics that underlie protein function. Despite these challenges, 

detergent micelles continue to be used in a large number of NMR studies of membrane proteins 

due to their ability to solubilize membrane proteins in small PDCs while maintaining structure and 

function. 

 

Figure 1.7: (previous page) Schematic diagram (not to scale) illustrating the solubilisation of a 
membrane protein in detergent micelles (A), phospholipid bicelles (B), SMALPs (C), and MSP 
nanodiscs (D). Detergent molecules are illustrated in light grey, and phospholipid molecules in 
dark grey.  
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1.6.2 Phospholipid bicelles  

Phospholipid bicelles are formed by mixtures of long-chain lipids with short chain lipids 

or cholate-based detergents.  These mixtures form lipid bilayers that are maintained in a soluble 

state by capping of hydrophobic edges with the short chain lipids or detergents (Figure 1.7B). 

While phospholipid bicelles have been used for structure determination of IMPs by x-ray 

crystallography, their larger size can make it challenging to use them for solution-state NMR.83 

However, the size of bicelles can be controlled by changing the lipid to detergent ratios, with 

smaller ratios giving rise to isotropic, fast-tumbling bicelles that can be used for solution-state 

NMR.83 In addition, bicelles are stable over a wide range of pH values and have been able to 

support enzymatic activity of proteins that are non-functional in detergent micelles.83 However, 

the requirement for short-chain lipids or detergents can also create problems since monomeric 

detergent species will be present that may bind to extra-membraneous parts of the protein and 

affect its stability.84 For this reason there has been increasing interest in generating water-soluble 

membrane protein samples in a lipid environment that circumvent the need for detergents.  

 
1.6.3 Styrene-maleic acid lipoparticles (SMALPs)  

SMALPs are discoidal lipoparticles that are formed by a styrene-maleic anhydride (SMA) 

polymer that spontaneously inserts into lipid membranes and extracts membrane fragments, where 

the hydrophobic regions at the edges of the discs are protected by interactions with SMA (Figure 

1.7C).85 SMALPs have been successfully used to conduct solution-state NMR studies on the direct 

extraction of the single TM-helix-containing proteins cytochrome-b5 (cytb5) from E. coli 

membranes.86 The polymer used in that study differed from SMA by modification of the carboxylic 

acid groups by amide bond-linked ethanolamine groups, which increases SMALP stability in lower 
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pH solutions than those formed by SMA.87 The SMALPs formed in this study were only 5 nm in 

diameter, which was small enough to allow 1H-15N HSQC spectra of cytb5 to be obtained, showing 

peaks from the cytosolic domain.86 However, no signals for the TM helix were observed, 

suggesting that the particle size may have still been too large for solution NMR.86  In addition, it 

can be difficult to obtain SMALP samples with the high level of homogeneity required for high 

quality NMR spectra.88  While optimization of the lipid to SMA ratio could potentially improve 

homogeneity,88 it has been challenging to find conditions that allow solution-state NMR studies to 

be carried out on membrane proteins incorporated into SMALPs.  

Incorporation of TMD81 into SMALPs with SMA has previously been attempted in the 

Goto lab, but showed a large hydrodynamic radius of 16.6 nm, with significant heterogeneity in 

size (± 4.1 nm).  These characteristics were not compatible with solution-state NMR85 and would 

therefore require further optimization of SMALP complex formation for this application. 

 

1.6.4 Membrane-scaffolding protein-based nanodiscs  

Alternative soluble complexes containing lipid bilayers have also been developed using 

membrane-scaffolding proteins (MSPs). These proteins are derived from the human serum 

apolipoprotein A1 (Apo-A1) that forms the main protein component of high-density lipoproteins 

where Apo-A1 surrounds portions of a lipid bilayer creating a membrane disc.89,90 

Nanodiscs can be formed in vitro, where two copies of the MSP protein encircle a lipid 

bilayer disc in an anti-parallel manner with a diameter that depends on the length of the MSP used 

(Figure 1.7D).91,92 MSP forms a series of amphipathic a helices that provide a peptide belt to 

separate the hydrophobic phase of the lipid bilayer from the hydrophilic environment.93,94 It has 

been shown that it is possible to incorporate integral membrane proteins of various sizes, including 
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larger membrane proteins such as G protein-couple receptors (50 kDa),95 and rhodopsin (27 

kDa),91,96,97  into MSP-lipid nanodiscs. These complexes have allowed the study of these 

membrane proteins by a range of techniques including x-ray crystallography98, electron 

microscopy,92,96 and solution-state NMR.92,96 Under most conditions studied, nanodiscs have been 

shown to adopt a circular disc morphology, however, at lower temperatures complexes may 

become more elliptical in shape.94 This difference in shape must be taken into account when 

incorporating a membrane protein into the nanodisc as at least two layers of lipids should be 

present between the membrane protein of interest and the surrounding MSPs to form a stable 

complex. This usually requires some optimization of the lipid to protein ratio required to fill the 

nanodisc, with smaller less stable complexes91 arising when ratios are too low, and aggregated 

nanodiscs when ratios are too high.96 The choice of lipid is also vital in the formation of a nanodisc 

that can support the native fold and conformational dynamics of the membrane protein. This will 

depend on the protein being studied, since the structure and function of an IMP can be impacted 

by the surrounding lipids as has been seen for rhomboid proteases.65,67,69,74,99,100 

Several MSP variants have been made to accommodate membrane proteins of different 

sizes. The first MSP variant developed, called MSP1, was derived from a deletion of the first 43 

residues on Apo-A1 containing the N-terminal globular domain, which created nanodiscs with a 

diameter of ~10 nm.101,102 It was subsequently shown that removal of an additional N-terminal 20 

residues resulted in approximately the same nanodisc diameter, giving rise to the variant called 

1D1.102 1D1 has been used to study membrane proteins of similar molecular weight to TMD81 

(~25-30 kDa) by solution NMR, including the 7-TM segment protein bacteriorhodopsin (bR).96 

Thermal denaturation studies revealed significantly enhanced stability of bR in nanodiscs over 

detergents, allowing NMR spectra to be obtained at higher temperatures with ~90% of the expected 
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peaks being observed under these conditions.96 However, these  nanodisc complexes were still 

very large for solution NMR applications, having a molecular weight of  125-150 kDa.93 To reduce 

the size of the nanodisc, truncated variants of MSPs were designed to make nanodiscs with 

diameters ranging from 6-8 nm.92 A total of six variants were created through the deletions as 

outlined in Table 1.1, with the MSP variant identified to have the most promise for solution NMR 

studies being DH5.  

 

Table 1.1: Properties of MSP variants used to make nanodiscs. Deleted regions in truncated 
mutants are in red.92  

MSP  MSP MW 

(kDa) 

Nanodisc 

Diameter (nm) 

Sequence 

1D1 (WT) 22 ~ 9 N-a1-a2-a3-a4-a5-a6-a7-a8-a9-a10-C 

DH4 19 ~ 8 N-a1-a2-a3-a4-a5-a6-a7-a8-a9-a10-C 

DH5 ~19.5 ~ 8 N-a1-a2-a3-a4-a5-a6-a7-a8-a9-a10-C 

DH4H5 ~16.5 ~ 7 N-a1-a2-a3-a4-a5-a6-a7-a8-a9-a10-C 

DH4-H6 14 ~ 6 N-a1-a2-a3-a4-a5-a6-a7-a8-a9-a10-C 

 

1.6.5 The impact of environment on ecGlpG  

The impact of detergent micelles and bicelles on ecGlpG structure and function has been 

investigated by circular dichroism conducted on GlpG in bicelles containing DLPC or DMPC65, 

showing differences that suggest hydrophobic mismatch between the hydrophobic phase of the 

lipid bilayer and the GlpG TMD had an impact on its secondary structure.  At the same time, there 

have been numerous studies suggesting that ecGlpG has some ability to induce thinning of lipids 

in the local environment to reduce this hydrophobic mismatch. 67,69,74 Thinning of ~1.1 Å per leaflet 



  
 

25 

has primarily been observed in lipids that are more native to E. coli such as PE with PG, but is 

minimal (~ 0.1 Å) in other lipids such as DMPC, suggesting some specific interactions may occur 

between TMD81 and its native membrane lipids.99  These membrane deformations have been 

supported by x-ray crystal structures showing a difference in the hydrophobic thickness of ecGlpG 

(27 Å) and that found for lipid bilayers composed of PE (~28 Å).5,99  Furthermore, molecular 

dynamics simulations conducted on ecGlpG in PE and PC lipid bilayers illustrated the impact of 

lipids on the angle of the protein in the membrane relative to the bilayer as well as an average 

thinning of the local membrane by ~4 Å.74 In addition to membrane thinning by ecGlpG, the L1 

loop has been shown in molecular dynamic simulations to cause to lipid distortions in the 

surrounding membrane environment that increases the permeability of GlpG enabling lipids to 

enter the active site.100  

On top of structural studies suggesting hydrophobic mismatch, functional studies have 

shown that the lipid environment has an impact on the proteolytic activity of GlpG.62,65,67,69 

Detergent micelles composed of phosphocholine or maltoside head groups with alkyl chain lengths 

of 10-12 carbon atoms supported the highest activity, but decreased when detergents with shorter 

or longer alkyl groups were used.65 In addition, in bicelles, proteolytic activity was supported when 

the long-chain lipid was DLPC (Figure 1.8), but not when longer PC lipids were used (e.g. 

DMPC).65 ecGlpG activity has also been studied in phospholipid bicelles against the peptide 

substrate LacYTM2, which showed greater activity in DMPC compared to DMPE or DMPG.99 

While this result was unexpected, it is possible that the native E.coli lipids, PE/PG, may have an 

inhibitory effect on ecGlpG potentially by modulating conformational dynamics.99 These results 
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illustrate the impact that the membrane environment has on ecGlpG function, which highlights the 

importance of studying rhomboid function and structure in more native-like environments.               

        

 

 

 

Figure 1.8: Schematic depicting chemical structure of detergents (DDM and DPC) and lipids 
(DLPC, DMPC, DMPG, and POPE).  
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1.7 Nuclear magnetic resonance (NMR) spectroscopy 

We are interested in studying the structure and conformational dynamics of ecGlpG in an 

appropriate membrane-mimetic system by solution NMR, with a focus in on residues around the 

putative a5 gate. Some basic theory of this technique will be presented since this helps to explain 

some of the challenges and opportunities that are associated with it. 

 

1.7.1 Basic principles of NMR spectroscopy 

  Solution NMR spectroscopy uses the magnetic properties of NMR-active nuclei and how 

this is affected by local chemical environment, which can be used to characterize the structure and 

conformational dynamics or proteins. NMR-active nuclei such as, 1H, 15N, and 13C possess an 

intrinsic angular momentum with a spin number of ½.103,104 In the NMR spectrometer these spins 

are exposed to an external magnetic field (Bo) which induces a dipole that interacts with the 

external magnetic field to adopt an antiparallel or parallel orientation relative to this field, where 

each of these states has a slightly different energy.103 Upon the absorption of radiofrequency 

energy, transitions can be induced between the two states. This typically occurs at a characteristic 

frequency for each nucleus type, called the Larmor frequency (wo). This frequency is normalized 

relative to a reference frequency (vref) and reported as a chemical shift from this reference in units 

of parts per million (dppm).103,104 Therefore, the absorption frequency reflects the influence of a 

variety of factors such as electron density, bonding environment, and non-covalent interactions.  

Since the differences between the energy states is very small, there is only a small excess 

population of spins in the lower energy state. This small excess of spins in the lower-energy 

orientation gives rise to a net magnetization vector that is oriented parallel to the external magnetic 

field, which is designated as the z-axis.105 Electromagnetic radiation at wo tips the net 
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magnetization vector into the transverse plane where its precession is detected as an oscillating 

field in the NMR spectrometer. The intensity of the detected signal depends, in part, on modes of 

relaxation of the irradiated spins back to equilibrium conditions. Longitudinal relaxation (T1) 

defines the rate of reestablishment of the equilibrium distribution of spins in the two states and 

transverse relaxation (T2) is the loss of the coherence of the bulk magnetization vector in the 

transverse plane.105 If transverse relaxation occurs quickly this will give rise to broad peaks, since 

the net magnetization vector in the transverse plane is what is detected by NMR. This process 

tends to be faster for larger molecules with slow molecular reorientation rates, which is why NMR 

spectra of proteins tend to have broad peaks. In cases where the complex molecular weight is very 

large (>50 kDa), peaks may be too broad to resolve without the use of selective labeling.  

 

1.7.2 1H-15N HSQC spectra of proteins 

 While 1D 1H NMR is commonly used for small molecules, the 1H spectrum of larger 

molecules such as proteins becomes difficult to interpret due to the large number of proton 

resonances and overlapping peaks.106 Therefore, multidimensional NMR experiments are used to 

allow resolution of peaks and the correlation of nuclei through bonds or space to give structural 

information. The most popular type of NMR spectrum used for proteins is the 2D 1H-15N 

heteronuclear single quantum coherence (HSQC) experiment.  Peaks in this spectrum occur at the 

chemical shift (dppm) of 1H protons along the x-axis, and the chemical shift of the directly bonded 

15N atom.107  Therefore, each non-proline amino acid in a protein should give rise to a single peak 

in this spectrum from the backbone amide proton. In addition, the side chains of the amino acids, 

histidine (His), tryptophan (Trp), asparagine (Asn), glutamine (Gln), lysine (Lys), and arginine 

(Arg) may also be seen in this spectrum as they contain 1H-15N groups. The 1H-15N HSQC 
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spectrum is often considered to be a “fingerprint” spectrum, since each protein gives rise to a 

unique spectrum that is characteristic of that protein.107 Typically, protein samples studied by this 

technique are uniformly labelled with 15N during their production106,107, usually by expression in 

bacterial systems that are amenable to this process.  

 

1.7.3 NMR experiments to monitor conformational change 

 Even the simplest NMR experiment, that is the 1D spectrum, can also provide information 

on dynamic processes, such as conformational exchange. In the case where a spin undergoes 

exchange between 2 states, its impact on the spectrum will depend on the timescale of the process.  

Specifically, a spin undergoing exchange with a rate constant (kex) that is smaller than the 

difference in absorption frequency between the two states (|Dv|) (kex << |Dv|), will give rise to two 

individual peaks in the NMR spectrum with intensities that are proportional to the population of 

each state. As the exchange rate increases and reaches a value similar to |Dv|, the intensities of the 

NMR peaks decrease as the peaks broaden and shift in position towards the weighted average 

chemical shift of the two peaks.   This type of exchange is called intermediate timescale exchange 

and is very difficult to detect due to the peak broadening that occurs in severe cases. Fast exchange 

occurs once the exchange rate exceeds the difference in absorption frequency (kex >> |Dv|) where 

one sharp peak representing the population-weighted average is observed. Figure 1.9 illustrates 

the transition of exchange rates and the expected observations for each scenario in the NMR 

spectrum.   
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Figure 1.9: Schematic diagram representing the effect of chemical change on the NMR spectrum 
where vA and vB represent the Larmour frequencies (Hz) for the two exchanging species, A and B 
respectively. |Dv| represents the differences between vA and vB and kex is the rate constant for 
exchange between the two states.  

 

1.8 Thesis Objectives 

Despite all of the structural and kinetic studies done on TMD81 in detergent micelles, 

bicelles, and SMALPs, the structure and timescale of conformational dynamics in the putative a5 

substrate gate, and its link to rhomboid activity remains elusive. In this thesis, we investigate the 

feasibility of reconstituting TMD81 into MSP-based nanodiscs, and whether these complexes can 

produce well-resolved 1H-15N HSQC spectra. The results of this thesis will determine for the first 

time whether nanodiscs can provide a useful membrane-mimicking environment for NMR study 

of TMD81.  
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Chapter 2: Materials and methods  
 
2.1 DNA and constructs 
 
 A truncated version of the rhomboid serine protease from Escherichia coli (ecGlpG) 

containing residues 81-276  (TMD81) was expressed from a pET25b vector108–110 with a C-

terminal hexahistidine tag (Figure 2.1A).  The membrane-scaffolding protein, MSP1D1 (1D1) 

(Figure 2.1B), cloned in a pET28a vector was graciously provided by Dr. Jyh-Yeuan Lee at the 

University of Ottawa. A mutant of 1D1 with a deletion of residues 120-143, (MSP1D1DH5 (DH5)) 

(Figure 2.1C), was obtained from the Sligar lab.92 Sequences were all verified through sequencing 

performed at the Ontario Genomics Innovation Center at The Ottawa Hospital Research Institute.  

 

 

 

 

ecGlpG:  
MRRYPFFAALRERAGPVTWVMMIACVVVFIAMQILGDQEVMLWLAWPFDPTLKFEF
WRYFTHALMHFSLMHILFNLLWWWYLGGAVEKRLGSGKLIVITLISALLSGYVQQKF
SGPWFGGLSGVVYALMGYVWLRGERDPQSGIYLQRGLIIFALIWIVAGWFDLFGMSM
ANGAHIAGLAVGLAMAFVDSLNARKRKASLERENLYFQGSSHHHHHH 
 
MSP1D1:  
GHHHHHHHDYDIPTTENLYFQGSTFSKLREQLGPVTQEFWDNLEKETEGLRQEMSKD
LEEVKAKVQPYLDDFQKKWQEEMELYRQKVEPLRAELQEGARQKLHELQEKLSPLG
EEMRDRARAHVDALRTHLAPYSDELRQRLAARLEALKENGGARLAEYHAKATEHLS
TLSEKAKPALEDLRQGLLPVLESFKVSFLSALEEYTKKLNTQ 
 
MSP1D1DH5: 
GHHHHHHHDYDIPTTENLYFQGSTFSKLREQLGPVTQEFWDNLEKETEGLRQEMSKD
LEEVKAKVQPYLDDFQKKWQEEMELYRQKVEPLGEEMRDRARAHVDALRTHLAPY
SDELRQRLAARLEALKENGGARLAEYHAKATEHLSTLSEKAKPALEDLRQGLLPVLE
SFKVSFLSALEEYTKKLNTQ 

A 

B 

C 

Figure 2.1: Amino acid sequences for ecGlpG (A), MSP1D1 (B), and MSP1D1DH5 (C). Amino acid 
residues that are removed with the addition of TEV protease to MSP sequences are highlighted in red. 
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2.2 Chemically competent cells  
 
 50 µL of the desired cells, E. coli C43 (DE3) (Lucigen), BL21 (DE3) (Novagen), or DH5a 

(ThermoFisher), were used to create 10X, 100X, and 1000X serial dilutions on non-selective agar-

Luria-Bertani (LB) broth (Lennox, Bioshop) plates. Inverted plates were incubated for 12-16 hours 

at 37°C. A single colony of the desired cells was used to inoculate 30 mL of LB media which was 

shaken at 220 rpm and 37°C for 16-18 hours. 6 mL of preculture was used to inoculate 400 mL of 

LB media and allowed to shake at 37°C until an optical density measured at 600 nm (OD600) using 

an Ultrospec 2100 Pro Spectrophotometer (GE Healthcare) of ~0.2-0.4 was reached. All solutions, 

and equipment used (Eppendorf tubes, falcon tubes, and the centrifuge) were kept at 4°C for the 

remainder of the procedure. Cultures were chilled on ice for ~20 minutes and spun using a 

Spinchron 15 Centrifuge (Beckman Coulter) with a C0650 fixed angle rotor at 4,700xg for 5 

minutes before following previously established protocols to create chemically competent cells 

using the MgCl2-CaCl2 method.111  In brief, pellets were resuspended in MgCl2 and combined prior 

to being spun using a Spinchron 15 Centrifuge (Beckman Coulter) at 4,000xg for 5 minutes and 

resuspended in CaCl2. Subsequent centrifugation was done using a Spinchron 15 Centrifuge 

(Beckman Coulter) at 4,000 xg for 5 minutes, after which the pellet was resuspended in CaCl2 with 

15% glycerol and aliquoted (50 µL) into sterile, chilled Eppendorf tubes that were immediately 

placed at -80°C until further use.   

 

2.3 Transformation 
 
 TMD81 and MSP plasmids were transformed into chemically competent E. coli C43 (DE3) 

cells (Lucigen), BL21 (DE3) (Novagen) or DH5a cells using previously published protocols.62,65 

10 ng of ecGlpG or 50 ng of MSP DNA was added to a 50 µL aliquot of competent cells and 
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allowed to incubate on ice for 30 minutes. The cells were then heat-shocked for 45 seconds at 42°C 

and returned to rest on ice for 2 minutes. 900 µL of 37°C Luria-Bertani (LB) broth (Lennox, 

Bioshop) was added to the cells before being placed in a MaxQ 4000 Benchtop Orbital Shaker 

(Thermo Scientific) for 60 minutes at 37°C and 300 rpm. Cells were subsequently spun at 13,200 

rpm for 1 minute, 750 µL of supernatant removed, and the cell pellet resuspended in the remaining 

supernatant. 100 µL of the cell suspension was spread onto an LB agar plate containing 100 µg/mL 

ampicillin (Bioshop) for ecGlpG expression, or 50 µg/mL kanamycin (Bioshop) for MSP 

expression. Inverted plates were incubated for 12-16 hours at 37°C.  

 

2.4 Plasmid DNA preparation  
 
 A single colony of freshly transformed DH5a cells was used to inoculate 30 mL of LB 

media with 100 µg/mL of ampicillin or 35 µg/mL kanamycin. Cultures were shaken at 220 rpm 

and 37°C for 16-18 hours. Cells were harvested by centrifugation using a Spinchron 15 Centrifuge 

(Beckman Coulter) with a C0650 fixed angle rotor at 5000xg and room temperature (~25°C) for 

10 minutes. Plasmids were purified using the E.Z.N.A Plasmid DNA Mini Kit II (Omega Bio-Tek) 

following the manufacturer’s protocol and the concentrations of the master DNA stocks were 

measured by absorbance using a Nanodrop spectrophotometer (Thermo Scientific). ecGlpG and 

MSP DNA master stocks were diluted to prepare 10 ng/µL85 and 50 ng/µL92 working solutions 

respectively as established by previously published protocols and stored at -20°C.  
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2.5 Expression of ecGlpG  
 
 Following transformation as described in section 2.3, one colony was used to inoculate 100 

mL of LB media with 100 µg/mL of ampicillin. The cultures were shaken overnight at 220 rpm at 

37°C and centrifuged using a Spinchron 15 Centrifuge (Beckman Coulter) with a C0650 fixed 

angle rotor at 5000xg and 25°C for 10 minutes and then resuspended in 1 L of LB media (100 

µg/mL ampicillin), or 1 L of M9 minimal media (47.9 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM 

NaCl, 1 mM MgSO4, 0.1% (w/v) D-glucose, 0.1% (w/v) 15NH4Cl, 100 uM CaCl2, 0.01X LB, and 

100 µg/mL ampicillin). The optical density of the culture was monitored for growth by measuring 

the absorbance at 600 nm (OD600) using an Ultrospec 2100 Pro Spectrophotometer (GE 

Healthcare). When OD600 reached 0.5 - 0.7, expression was induced with 1 mM of isopropyl-b-D-

thiogalactopyranoside (IPTG) and cultures were shaken at 220 rpm for 3 hours at 37°C or 

overnight at 16°C. Cells were harvested by centrifugation using an Avanti J-E Centrifuge 

(Beckham Coulter) at 6000xg and 4°C for 10 minutes. Pellets from 1 L of culture were combined 

and weighed. Yields for ecGlpG expression produced 0.5-0.9 mg per 1 L of culture. Pellets were 

stored at -20°C until needed.  

2.6 Expression of MSP  
 
 One colony of freshly transformed BL21(DE3) was used to inoculate 50 mL of LB media 

with 35 µg/mL of kanamycin and shaken overnight at 200 rpm at 37°C. After centrifugation at 

5000xg and 25°C for 10 minutes using a Spinchron 15 Centrifuge (Beckman Coulter) with a C0650 

fixed angle rotor, the pellet was resuspended in 1 L of LB media (35 mg/L kanamycin).  Expression 

was induced with 1 mM IPTG when OD600 was 0.6-0.8, and the cultures shaken for a maximum 

of 4 hours at 180 rpm, 37°C. Cells were harvested by centrifugation using an Avanti J-E Centrifuge 

(Beckham Coulter) at 5000xg and 4°C for 20 minutes. Pellets from 1 L of culture were combined 
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and resuspended in 25 mL of MSP Buffer (20 mM Tris-HCl, (pH 7.5), 100 mM NaCl, and 0.5 mM 

2,2’,2’’,2’’’-(ethane-1,2-diyldinitrilo) tetraacetic acid (EDTA)). After centrifugation using an 

Avanti J-E Centrifuge (Beckham Coulter) at 3000xg and 4°C for 20 minutes, pellets from 1L of 

culture were combined and weighted. The yield of MSP expression produced on average ~3 mg 

per 1 L of culture. Pellets were stored at -20°C until needed.  

 

2.7 Purification of ecGlpG in detergent micelles 
 
 Frozen cell pellets were thawed on ice and resuspended in 25 mL of cold Harvest Buffer 

(20 mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) pH 7.4, 100 mM NaCl, 5 

mM MgCl2, 10% glycerol, and 1X Cocktail Mixture (1 mg/mL 4-2-aminoethyl benzene sulfonyl 

fluoride hydrochloride (AESBF), 2 µg/mL pepstatin, 1.2 µg/mL E-64, 1 µg/mL bestatin, and 1.8 

µg/L phosphoramidon)). Cells were lysed on ice by sonication using a Fisher Sonic Dismembrator 

Model 500 at 50% intensity using two rounds of 60 one-second ON-OFF pulses separated by a 6-

minute delay time. To isolate the insoluble membrane fraction, the lysate was centrifuged using an 

Avanti J-E centrifuge (Beckham Coulter) at 48,500xg for 1 hour at 4°C. The resulting pellet was 

intermittently mechanically resuspended with a metal spatula on ice every 15 minutes over a period 

of 1.5 hours in 1X Solubilisation Buffer (50 mM HEPES pH 7.4, 200 mM NaCl, 5 mM imidazole, 

10% (w/v) glycerol, 1X Cocktail Mixture, and 0.1% (w/v) n-dodecyl b-D-maltoside (DDM)). 

Centrifugation in an Avanti J-E centrifuge (Beckham Coulter) at 48,500xg for 30 minutes at 4°C 

was used to obtain the supernatant containing the detergent-solubilised protein which was applied 

to 2.5 mL of nickel-NTA agarose affinity resin (Qiagen) that was equilibrated in 2X Solubilisation 

Buffer (50 mM HEPES buffer (pH 7.4), 200 mM NaCl, 5 mM imidazole, and 10% (w/v) glycerol). 

Two sequential wash steps using Wash Buffer I  (50 mM HEPES pH 7.4, 500 mM NaCl, 30 mM 
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imidazole, 10% (w/v) glycerol, and 0.1% (w/v) n-dodecylphosphocholine (DPC)) and Wash Buffer 

II  (50 mM HEPES pH 7.4, 200 mM NaCl, 30 mM imidazole, 10% (w/v) glycerol, and 0.1% (w/v) 

DPC) removed impurities. The protein was eluted using Wash Buffer II supplemented to obtain a 

final concentration of 250 mM imidazole. The eluted protein was applied to a Superdex-200 

Increase 10/300 GL size exclusion chromatography column equilibrated in FPLC Buffer (50 mM 

Tris-HCl pH 7.4, 50 mM NaCl, 100 uM EDTA, and 0.1% (w/v) DPC) and run on an AKTA FPLC 

(GE Healthcare) that monitored absorbance at 280 nm. Aliquots of 0.5 mL were collected from the 

main protein peak and stored at 4°C for further use. Protein concentration and purity were assessed 

through a BCA assay (Pierce) and SDS-PAGE analysis.   

 

2.8 Purification of 1D1 and DH5  
 
 Frozen cell pellets were thawed on ice and resuspended in 20 mL of Resuspension A Buffer 

(50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1% Triton X-100, 1 mM EDTA, and 4X Cocktail 

Mixture). After addition of lysozyme, cells were sonicated in the same fashion as described in 

section 2.7. To remove remaining DNA, 5 mM of MgCl2, and 1 µg/mL of DNase I was added to 

the lysate and incubated on ice for 30 minutes before being centrifuged in an Avanti J-E centrifuge 

(Beckham Coulter) at 30,000xg for 45 minutes at 4°C. The supernatant containing the solubilized 

protein was applied and incubated for 5-10 minutes on 2.5 mL of nickel NTA agarose resin 

(Qiagen) that was equilibrated in Buffer A (50 mM Tris-HCl (pH 8.0), 500 mM NaCl) 

supplemented with 1% (w/v) Triton X-100. To remove impurities, four sequential wash steps were 

conducted using Wash Buffer I (Buffer A with 1% (w/v) Triton X-100), Wash Buffer II (Buffer A 

with 50 mM cholate), Wash Buffer III (Buffer A), and Wash Buffer IV (Buffer A with 20 mM 

imidazole). The protein was eluted using Buffer A supplemented with 500 mM of imidazole. 30 
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mL of purified MSP was dialyzed overnight against 4 L of Dialysis Buffer 1 (20 mM Tris-HCl (pH 

7.5), 100 mM NaCl and 0.5 mM EDTA) resulting in a ~130-fold dilution factor using membrane 

tubing with a 6-8 kDa molecular weight cut-off (MWCO) (Spectra/Por) to remove imidazole. 

Using a 10 kDa MWCO centrifugal filter unit (Amicon), the protein sample was concentrated to 

~500 µM and stored in the fridge at -20°C for further use. Protein concentration and purity were 

assessed through a BCA assay (Pierce) and SDS-PAGE analysis.   

 

2.9 Cleavage of MSP His-Tag  
 
 Cleavage of the His-tag on either MSP construct was performed on purified samples after 

dialysis with Dialysis Buffer I as outlined in section 2.8 through the addition of TEV protease 

(Sigma Aldrich) at 1 A280 TEV for 100 A280 of MSP protein with 1 mM dithiothreitol (DTT) and 

left to incubate overnight at 4°C. Absorbance at 280 nm was measured using a Nanodrop 

spectrophotometer (Thermo Scientific) and reaction progress assessed through SDS-PAGE 

analysis. The protein solution (50 mL) was dialyzed against 4 L of Dialysis Buffer 2 (20 mM Tris-

HCl (pH 8.0), and 500 mM NaCl) resulting in a ~80-fold dilution factor using 6-8 kDa MWCO 

dialysis tubing (Spectra/Por) overnight to remove EDTA. To isolate the MSP cleavage product, a 

reverse nickel affinity chromatography step was used, where the cleavage mixture was incubated 

with 2.5 mL of nickel NTA agarose affinity resin (Qiagen) for 5-10 minutes and the flow-through 

containing His-tag free MSP was then collected. The flow-through (50 mL) was dialyzed against 

4 L of Dialysis Buffer 3 (20 mM Tris-HCl (pH 7.5), 100 mM NaCl and 0.5 mM EDTA) for a ~80-

fold dilution factor using 6-8 kDa MWCO dialysis tubing (Spectra/Por) overnight. Using a 10 kDa 

MWCO centrifugal filter unit (Amicon), the protein sample was concentrated to ~500 µM and 
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stored at -20°C until further use. MSP samples were generally used within 1-2 weeks of 

purification.  

 

2.10 SDS-PAGE analysis  
 
 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was conducted 

using the Laemmli protocol112 to assess protein purity. Equal parts of protein sample were added 

to 2X SDS loading buffer (125 mM Tris (pH 6.8), 20% glycerol (v/v), 4% SDS, 0.01% (v/v) 

bromophenol blue, and 0.02% (v/v) 2-mercaptoethanol) and boiled for one minute to denature the 

proteins. 4 µL of EZ-RUN pre-stained Rec protein marker (Fisher) and 10 µL of each protein 

sample (0.4-2.5 nmol for ecGlpG, 4.6 nmol for 1D1, 1.8 nmol for 1D1DHis, and 1.1-10.3 nmol for 

DH5) were loaded onto a 12% or 15% SDS-polyacrylamide gel (12 or 15% (v/v) acrylamide mix 

(acrylamide; bis-acrylamide, 29:1)(Fisher), 0.1% (w/v) SDS, 0.2% (w/v) ammonium persulfate 

(Fisher), 0.08% (v/v) TEMED (Fisher), and 26% (v/v) 0.39 M Tris (pH 8.8)) with a 5% stacking 

gel (5% (v/v) acrylamide mix (acrylamide; bis-acrylamide, 29:1)(Fisher), 0.1% (w/v) SDS, 0.2% 

(w/v) ammonium persulfate (Fisher), 0.2% (v/v) TEMED (Fisher), and 12 % (v/v) 0.12 M Tris 

(pH 6.8)). Gels were run in a Mini-PROTEAN electrophoresis cell (Bio-Rad) for 50 and 60 

minutes for 12% and 15% poly-acrylamide gels respectively at 150 V in 1X Tris-Glycine Running 

Buffer (0.3% (w/v) Tris (pH 8.5), 1.44% (w/v) glycine and 0.1% (w/v) SDS).  

 Gels were stained using Coomassie Blue Stain Solution (0.3% (w/v) Coomassie brilliant 

blue R-250 (CBB), 50% (v/v) methanol, and 10% (v/v) acetic acid) on a rocking platform for 1 

hour or overnight after being heated for 30 seconds in a microwave. Prior to destaining, the 

Coomassie Blue Stain was removed, and the gel rinsed with ddH2O. Gels were destained using a 
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solution containing 40% (v/v) methanol and 10% (v/v) acetic acid for 1 hour after being heated for 

30 seconds in a microwave. Upon completion of destaining, the gels were stored in ddH2O.    

 For samples with low concentrations, gels were stained with 60 mL of SYPRO Ruby 

(Fisher) on a rocking platform overnight. Gels were destained using 100 mL of Wash Solution 

containing 10% (v/v) methanol and 7% (v/v) acetic acid for 30 minutes. Prior to imaging, the gels 

were washed with ddH2O twice for a minimum of 5 minutes.  

All gel images were captured on a ChemiDoc XRS+ (Bio-Rad) and integrated band 

intensity ratios were measured using ImageJ analysis software.  

 

2.11 Protein Concentration Determination 
 
 TMD81, 1D1, and DH5 protein concentrations were determined by conducting a 

bicinchoninic acid (BCA) assay kit using the manufacturer’s instructions (Pierce). In brief, 

standards of bovine serum albumin (BSA) and dilutions of TMD81, 1D1, and DH5 were combined 

with Working Solution containing 98% (v/v) Reagent A (Pierce) (1 % (w/v) BCA, 2% (w/v) 

sodium carbonate, 0.16% (w/v) sodium tartrate, 0.95% (w/v) sodium bicarbonate, and 0.4% (w/v) 

NaOH), and 2% (v/v) Reagent B (Pierce) (4% (w/v) copper (II) sulfate pentahydrate). Standards 

and protein samples were incubated at 37°C for 30 minutes. Absorbance was measured at 562 nm 

using an Ultrospec 2100 Pro Spectrophotometer (GE healthcare). Mean absorbance values for BSA 

standards were used to generate a standard curve which was then used to calculate sample protein 

concentrations.  
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2.12 Preparation of protein-free nanodiscs 
 

Empty nanodiscs were prepared using a previously established protocol.92 Cholate Buffer 

was made by the addition of 100 mM sodium cholate to MSP Buffer (20 mM Tris-HCl (pH 7.5), 

100 mM NaCl, and 0.5 mM EDTA)) which was kept at 4°C until use. 50 mM lipid solutions were 

made with 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-glycerol) (sodium salt) (DMPG), 1,2-

dilauroyl-sn-glycero-3-phosphocholine (DLPC), and/or 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) in Cholate Buffer. The lipid stocks were vortexed and kept in a 50°C 

water bath to ensure complete dissolution after which they were kept at room temperature for 

further use. The ratios of lipid:MSP examined in this thesis were: 80:1, 70:1, 60:1, 50:1, 40:1, and 

30:1. Mixtures were kept at room temperature on a rocking platform for 1 hour prior to the addition 

of 0.5-1 g of wet bio-beads (Bio-Rad) per mL of mixture and then incubated on a rocker platform 

overnight at room temperature. Removal of bio-beads was accomplished by poking a hole in the 

bottom of the Eppendorf tube containing the bio-beads with the desired sample using an 18-gauge 

needle (Fisher Scientific) and allowing the nanodisc solution to flow through into a new Eppendorf 

tube. To maximize nanodisc recovery, bio-beads were subsequently washed with 1 mL of MSP 

Buffer and allowed to drain into the same Eppendorf tube as the previous step. For MSP samples 

that had been subjected to the His-tag cleavage protocol outlined in section 2.9, the assembly 

mixture was then added to a Ni-NTA column equilibrated in MSP Buffer, and the flow-through 

collected and concentrated in a 30 kDa MWCO centrifugal filter unit (Amicon) to a final volume 

of ~ 1 mL. Final purification of nanodiscs was done on a Superdex-200 Increase 10/300 GL size 

exclusion chromatography column equilibrated in FPLC Nanodisc Buffer (50 mM Tris-HCl (pH 

7.4), and 150 mM NaCl) and run on an AKTA FPLC (GE Healthcare) that monitored absorbance 

at 280 nm. Aliquots of 0.5 mL were collected and saved for further analysis. The approximate 
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molecular weight of the species in each peak on all FPLC profiles was estimated by comparison 

to the manufacturers graph obtained with standards ranging from 669 kDa to 13.7 kDa ran on a 

Superdex-200 Increase 10/300 GL SEC column.113 The standards were not run on the FPLC 

machine used in this thesis. The number of trials is indicated in the caption for each figure 

throughout the thesis. It should be noted that most experiments were only done once, therefore the 

suggestions made are tentative and would need to be validated by reproducing the results over 

multiple trials.  

 

2.13 Preparation of ecGlpG incorporated nanodiscs  
 

Development of protocols for the incorporation of TMD81 into nanodiscs were guided by 

previously published work from the Wagner lab.92 TMD81 was concentrated in a 30 kDa MWCO 

(Amicon) to obtain a concentration of ~200 µM which was confirmed using a BCA assay (Pierce). 

The ratios of lipid:MSP:TMD81 examined in this thesis were: 160:2:1, 1:2:140, 120:2:1, 100:2:1, 

80:2:1, 60:2:1, 320:4:1, 280:4:1, 240:4:1, 200:4:1, 160:4:1, and 120:4:1. The assembly, collection 

and analysis of TMD81 nanodiscs was conducted as described in section 2.12.  

 

2.14 15N NMR spectroscopy  
 

For 15N labelled TMD81 in detergent micelles or in nanodiscs, the protein sample was 

concentrated using a 30,000 Da MWCO centrifugal filter unit (Amicon) to a concentration 

between 50-100 µM in a 350 µL volume containing 10% (v/v) D2O. NMR samples were inserted 

into a shape tube (Bruker) and analysed on a 600 MHz Bruker Avance III Spectrometer with a 

triple resonance cryoprobe at the University of Ottawa NMR Facility. Standard 1H-15N 

heteronuclear single quantum coherence (HSQC) spectra were acquired at 45°C with a spectral 
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width of 30 ppm spread across 128 increments in the indirect dimension.58 NMR spectra were 

analysed and processed using NMRPipe114 and NMRViewJ115 with signal intensities normalized 

for the numbers of scans (typical range 208-256), receiver gain (typical range 57-203), and total 

protein concentration (typically between 80-250 µM).  

 

2.15 Matrix-associated laser desorption/ionization (MALDI) 
 

MALDI was carried out on TMD81 in detergent micelles and nanodiscs using a Microflex 

MALDI-TOF mass spectrometer (Bruker) set to a m/z window between 0 and 30 kDa.62 The 

sandwich and the mixed method were used with saturated a-cyano-4-hydroxycinnamic (4-HCCA) 

acid (2 parts acetonitrile, 1 part water, and 0.1% final trifluoroacetic acid (TFA)) as the matrix for 

each sample for ionization of membrane proteins.62,116 Briefly, a stainless steel MALDI sample 

plate was cleaned with methanol and deionized water. 1 µL of the matrix solution (1 part saturated 

4-HCCA with 3 parts isopropanol) was added to the MALDI plate and allowed to dry. Protein 

purification and preparation was completed using the manufacturer’s instructions for C18 ZipTip 

pipette tips (Millipore) where the tips were first equilibrated in 5% methanol in 0.1% TFA. Protein 

samples were then loaded onto the ZipTip and washed in 75% acetonitrile (ACN), 0.1% TFA. 1 

µL of protein sample was spotted on the plate and once dried, 1 µL of matrix solution was placed 

on top. For the mixed method, the matrix solution was mixed with the dried protein sample through 

aspirating with a sterile pipette tip. All samples were allowed to dry prior to insertion into the mass 

spectrometer.  
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Chapter 3: Results  

3.1 NMR spectroscopy of WT TMD81 in detergent micelles  
 
 To confirm that the purification of folded WT TMD81 could be reproduced, an 15N-labeled 

sample was purified in DPC micelles to allow acquisition of an 1H-15N HSQC spectrum. WT 

TMD81 with a C-terminal hexahistidine tag (6X) was overexpressed in E. coli C43 (DE3) cells 

and purified by nickel affinity chromatography and size exclusion chromatography (SEC) as 

described in section 2.5 and 2.7. The SEC profile showed that most of the sample eluted at a 

volume of 12-15 mL (Figure 3.1A) in line with previous observations,65 and as expected for a ~75 

kDa PDC complex. Aliquots were taken at each stage of TMD81 purification and run on a 

Coomassie-stained gel (Figure 3.1B). Minimal traces of TMD81 appeared in the flow through 

(FT), wash 1 (W1), and wash 2 (W2) fractions whereas the elution fraction (E) shows an intense 

band that is expected for the 25 kDa TMD81, similar to previous results.65 SEC fractions 

containing TMD81 (F8  to F11) were combined and concentrated for NMR.  
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A 1H-15N HSQC spectrum was acquired on pooled concentrated fractions from the size 

exclusion chromatography (Figure 3.2) and showed a pattern of peaks that was similar to 

previously recorded spectra.65  This spectrum confirmed that TMD81 could be purified using 

established methods for NMR, forming the basis for this study of the incorporation of GlpG into 

nanodiscs.  

 

 
 
 
 
 

Figure 3.1: (previous page) (A) SEC run on a SP200 column and monitored at 280 nm from a 
purification of 4 L of 15N TMD81 in GlpG buffer. (B) Coomassie-stained SDS-PAGE of fractions 
from the purification of 15N-labeled TMD81 (100 µM). L: molecular weight ladder in kDa, SP: 
soluble fraction after lysis, DSP: detergent fraction after lysis, FT: flow through from the nickel 
affinity chromatography column, W1 and W2: fractions from the nickel affinity chromatography 
wash steps, E: eluted fraction, CFT: concentrator flow through, C: pooled, elution fractions after 
concentration, SEC (F7-F12): 0.5 mL fractions from SEC starting at an elution volume of 12 mL 
(F7). 
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Figure 3.2: 1H-15N HSQC spectrum of TMD81 (100 µM) in DPC detergent micelles with 10% 
D2O at 45°C. Spectrum was acquired using a 500 MHz spectrometer equipped with a triple 
resonance cryoprobe.  
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3.2 Assembly of nanodiscs with DH5 
 
3.2.1 Formation trial of empty DH5 DMPC nanodiscs 
 

We chose to focus our first efforts on nanodisc formation using a shorter MSP variant 

with a deletion of helix 5 called DH5 since this variant was used to successfully produce a solution-

state NMR spectrum for an alpha-helical transmembrane protein with a similar molecular weight 

(MW) to TMD81, namely bacteriorhodopsin (bR).93 The DH5 MSP was expressed in E. coli, 

purified as described in section 2.8 and analyzed by Coomassie-stained SDS-PAGE (Figure 3.3A). 

In purified samples, a large band was observed with a mobility consistent with the known 

molecular weight (MW) of ~22 kDa. The single-step purification showed there may have been 

some loss in the flow through (FT) although this is hard to discern due to the high concentration 

of protein in this sample. There is also minimal loss in the wash steps. A yield of 2 mg per L of 

culture was obtained with  >90% purity. 

To make nanodiscs, purified DH5 was incubated at room temperature (RT) with DMPC at 

a lipid:MSP molar ratio of 80:2 for one hour prior to the addition of bio-beads to remove detergent 

in a ~24-hour incubation. Desalting was achieved by SEC (Figure 3.3B) which showed a peak 

centered at ~13.5 mL which is similar to the elution volume of the 160 kDa MW standard published 

in the manufacturer’s specifications.113 The presence of a single peak at this elution volume 

suggests that successful nanodisc formation had occurred, although the FPLC profile showed that 

the peak was broad (~12 mL to ~15 mL) and at a slightly higher MW than expected. SDS-PAGE 

analysis (Figure 3.3C) of these fractions suggests the presence of DH5 at the expected MW of 22 

kDa. Faint bands were also seen in all fractions for a ~44 kDa species that may represent an SDS-

resistant dimeric state as seen in previous studies.117 Faint bands of higher MW species (>55 kDa) 

were also present in all fractions which may suggest some aggregation of MSP during nanodisc 
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formation.  Nonetheless, as the formation of empty nanodiscs with the DH5 MSP and DMPC and 

a lipid:MSP ratio of 80:2 appeared to be successful, these same conditions were used to attempt 

formation of TMD81-encapsulated nanodiscs.  

 

 

3.2.2 Nanodisc formation trial with TMD81 in DMPC with DH5 
 
DH5 and TMD81 were purified as described above, with similar levels of purity and yields 

for DH5 (2.5 mg/L) (Figure 3.4A), but lower yields for TMD81 (0.5 mg/L) due to some losses 

Figure 3.3: (A) Coomassie-stained SDS-PAGE of fractions taken from various steps of the nickel 
affinity chromatography purification of DH5 (100 µM). (B) SEC on a SP200 column for empty 
DH5 DMPC nanodiscs in Lipid Nanodisc buffer. Absorbance at 280 nm was monitored. Estimates 
of MW are based on SEC profiles of MW standards published by the manufacturer.113 (C) 
Coomassie-stained SDS-PAGE of fractions taken from SP200 SEC of empty DH5 DMPC 
nanodiscs in Lipid Nanodisc buffer. L: MW ladder in kDa, FT: flow through, W1, W2, W3, and 
W4: wash step fractions, E: elution step, SEC (F5-F11): 0.5 mL fractions from SEC starting at an 
elution volume of 11 mL (F5). Light red boxes: full-length DH5, orange box: DH5 dimer (44 kDa), 
red dashed line: expected MW for DH5 (22 kDa). Nanodisc reconstitution under these conditions 
was only attempted once. 
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during purification (Figure 3.4B). These samples were used with DMPC at a ratio of 80:2:1 

(lipid:MSP:TMD81) to make nanodiscs which were analyzed by SEC and SDS PAGE.    

As illustrated in Figure 3.4C, the FPLC profile showed three peaks centered at ~9 mL, ~11 

mL, and ~13.5 mL. SDS-PAGE analysis (Figure 3.4D) showed 3 bands at ~15 kDa, ~22 kDa, and 

~25 kDa in fractions from all peaks. While the ~22 kDa and ~25 kDa bands represent DH5 and 

TMD81 respectively, the ~15 kDa species likely corresponds to a degradation product that may 

have been present in the MSP sample. The main difference between each peak was the relative 

amount of each species, with peak 1 being mainly comprised of TMD81, and similar amounts of 

TMD81 and DH5 being present in the other two peaks. Given the large MW suggested by the 

elution volume of peak 1 (>669 kDa), this species may represent a larger nanodisc complex, 

potentially containing TMD81 in a dimeric state as has been proposed to exist in the membrane.52,64 

The other two peaks also may contain nanodisc complexes, with peak 3 at 13.5 mL occurring at 

an elution volume expected for that of a nanodisc-TMD81 complex that could be compatible with 

solution NMR. While the concentration of the sample was not sufficient to go forward with 

solution NMR, these results suggested the successful incorporation of some TMD81 into nanodiscs 

with this MSP.  

Since we suspected TMD81 dimer formation was causing the formation of more than one 

size of nanodisc complex, incorporation was repeated using a DMPC:DH5:TMD81 ratio of 240:4:1 

since previous studies have shown that doubling the ratio between the MSP and the membrane 

protein promotes incorporation of monomeric proteins.117–119 This ratio was used with newly 

purified TMD81 (Figure 3.5A) and analyzed by SEC (Figure 3.5B) and SDS-PAGE (Figure 3.5C). 
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Figure 3.4: Coomassie-stained SDS-PAGE of aliquots taken of (A) DH5 (1 mM), and (B) TMD81 
(200 µM) samples used to make nanodiscs. (C) SEC on a SP200 column monitored at 280 nm for 
TMD81 incorporation into DH5 DMPC nanodiscs in Lipid Nanodisc buffer. Estimates of MW are 
based on SEC profiles of MW standards published by the manufacturer.113 (D) Coomassie-stained 
SDS-PAGE of fractions taken from SP200 SEC of TMD81 in DH5 DMPC nanodiscs. L: MW 
ladder in kDa, SP: soluble protein, DSP: detergent soluble protein, FT: flow through, W1, W2, 
W3, and W4: wash step fractions, E: elution step from Ni-NTA, CFT: MW concentrator flow 
through, SEC (F1-F12): 0.5 mL fractions from SEC starting at an elution volume of 9 mL (F1). 
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Light red boxes: full-length DH5, dark red boxes: degraded DH5, purple boxes: TMD81, red 
dashed line: expected MW of DH5 (22 kDa), purple dashed line: expected MW of TMD81 (25 
kDa). Nanodisc reconstitution under these conditions was only attempted once. 

 
 As shown in Figure 3.5B, the SEC profile showed a single broad peak eluting between 

the expected elution volume, ~11 mL and ~14 mL. However, SDS-PAGE analysis of SEC aliquots 

(Figure 3.5C) had only one band with a mobility that corresponds to that of DH5 (Figure 3.4A) 

and no band seen for TMD81. This suggests formation of TMD81-encapsulalted nanodiscs was 

not successful and perhaps empty DH5 nanodiscs was seen. However, this experiment was only 

attempted once and should be repeated to make more conclusive statements. 
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Figure 3.5: (A) Coomassie-stained SDS-PAGE of TMD81 (40 µM) samples used to make 
nanodiscs. (B) SEC on a SP200 column monitored at 280 nm for TMD81 incorporation in DH5 
DMPC nanodiscs in Lipid Nanodisc buffer. Estimates of MW are based on SEC profiles of MW 
standards published by the manufacturer.113(C) Coomassie-stained SDS-PAGE of fractions taken 
from SP200 SEC of TMD81 in DH5 DMPC nanodiscs.  L: molecular weight ladder in kDa, DSP: 
detergent fraction after lysis, FT: flow through from the nickel affinity chromatography column, 
W1 and W2: fractions from the nickel affinity chromatography wash steps, E: eluted fraction, CFT: 
concentrator flow through,C: pooled, elution fractions after concentration, F9(A), SEC (F5-F15): 
0.5 mL fractions from SEC starting at an elution volume of 11 mL (F5). Red box: full-length DH5, 
purple box: TMD81, red dashed line: expected MW of DH5 (22 kDa), purple dashed line: expected 
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MW of TMD81 (25 kDa). Nanodisc reconstitution under these conditions was only attempted 
once. 

 

3.2.3 Investigation of the effect of removing the DH5 His-tag in nanodisc formation 
 
  While these results suggest that it was possible to incorporate TMD81 into nanodiscs using 

the DH5 MSP, FPLC profiles showed heterogeneity in complex formation. In an attempt to reduce 

this heterogeneity, we tested the effect of removing the hexahistidine tag from DH5 (DH5DHis) on 

nanodisc formation.  DH5 was purified and then incubated with DTT and TEV protease (TEV+) 

for 24 hours.  As shown in the Coomassie-stained gel (Fig. 3.6A), a new band appeared in the TEV 

sample that was not present in the control with a MW of ~19 kDa which corresponds to the 

expected size of DH5DHis. Unfortunately, it is apparent that cleavage by TEV was not complete, 

although it was possible to remove some of the uncleaved MSP by passing the mixture through a 

nickel-NTA resin and collecting the flow-through fraction (FT lane in Figure 3.6A). While it is 

challenging to determine the exact proportion of uncleaved DH5 that remains in the purified 

sample due to the large amount of sample that was loaded on the gel (Figure 3.6A, lane C), the 

final DH5DHis sample (500 µM) and purified TMD81 (Figure 3.6B) was used in the incorporation 

of TMD81 into DMPC nanodiscs. 
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Figure 3.6: (previous page) Coomassie-stained SDS-PAGE of aliquots taken during (A) TEV 
protease cleavage of DH5 (500 µM) and (B) TMD81 (300 µM) purifications. (C): SEC on a SP200 
column monitored at 280 nm for TMD81 incorporation in DH5DHis DMPC nanodiscs in Lipid 
Nanodisc buffer. Estimates of MW are based on SEC profiles of MW standards published by the 
manufacturer.113 (D) Coomassie-stained SDS-PAGE of fractions taken from SP200 SEC of 
TMD81 in DH5DHis DMPC nanodiscs. L: MW ladder in kDa, D1: sample post-first dialysis, TEV-
: D1 sample with DTT but no TEV after 24 hours, TEV+: post-TEV incubation with D1 sample 
and DTT for 24 hours, D2: sample post-second dialysis, FT: flow through, W5: contaminants 
removed during Ni-NTA wash step, D3: post-third dialysis sample, CFT: concentrator flow 
through, C: pooled, elution fractions after concentration, S: sample taken after nanodisc 
reconstitution, DSP: detergent fraction after lysis, SEC (F4-F12): 0.5 mL fractions from SEC 
starting at an elution volume of 11 mL (F4). Light red boxes: full-length DH5, dark red box: 
degraded DH5, purple boxes: TMD81, red dashed line: expected MW for DH5DHis (19 kDa), 
purple dashed line: expected MW for TMD81 (25 kDa). Nanodisc reconstitution under these 
conditions was only attempted once. 

 

 When analyzed by SEC, peaks centered at ~10.5 mL (peak 1) and ~13 mL (peak 2) were 

seen in the profile (Figure 3.6C). The 13 mL elution volume is similar to the elution volume of the 

160 kDa MW standard as published in the manufacturer’s specifications.113 This is consistent with 

expected values for TMD81 in nanodiscs as some lipids will be replaced during reconstitution.92,93 

The Coomassie-stained gel shows the presence of two species (Figure 3.6D); a ~25 kDa species 

as expected for TMD81, and a 19 kDa band which corresponds to the expected MW for DH5DHis, 

although further analysis would be required to confirm these assignments. The gel also reveals the 

presence of a species with a MW of approximately 15 kDa that had a greater band intensity than 

the full-length MSP in the nanodisc mixture prior to the SEC step (Figure 3.6C, lane S). This 

suggests that a significant amount of DH5DHis was lost to proteolysis either before or during 

incorporation into nanodiscs. In spite of this loss of full-length DH5DHis, these results suggest that 

some TMD81 could still be incorporated into nanodiscs, albeit with a relatively low yield. 

 To assess the stability of the nanodiscs, fractions from peak 2 were combined, concentrated, 

and then subjected to a second round of SEC. As illustrated in figure 3.7A, the sample eluted as 
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one peak at an elution volume of 10.5 mL which is slightly smaller than that of the 65 kDa MW 

standard published by the manufacturer. 113 The low absorbance of this peak suggests that a large 

proportion of sample may have been lost during the concentration and SEC steps (Fig. 3.6C). In 

addition, this sample showed the presence of a 15 kDa species after concentration (S lane in Figure 

3.7B), which may account for some of the sample loss through proteolysis.  
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Figure 3.7: (A) SEC profile of nanodiscs (30 µM) run on SP75 column monitored at 280 nm. 
Estimates of MW are based on SEC profiles of MW standards published by the manufacturer.113 
(B) Coomassie-stained SDS-PAGE of fractions from (A). L: molecular weight ladder in kDa, S: 
concentrated sample applied to column, SEC (F1-F5): 0.5 mL fractions from SEC starting at an 
elution volume of 9 mL (F5). Light red box: DH5, purple box: TMD81, red dashed line: expected 
MW for DH5DHis (19 kDa), purple dashed line: expected MW for TMD81 (25 kDa). Nanodisc 
reconstitution under these conditions was only attempted once. 
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3.3 Assembly of nanodiscs with 1D1  
 

As the results for nanodisc formation with DH5 MSP showed some success but ultimately 

produced heterogenous mixtures that were not appropriate for solution NMR, we decided to 

evaluate the longer MSP variant, 1D1. The larger nanodiscs formed by 1D1 allows more lipids to 

separate the encapsulated protein from the surrounding MSP, reducing their interactions which 

may facilitate more uniform nanodisc formation.92 As the TMD81 L1 loop (Figure 1.4) which 

protrudes into the membrane bilayer67,69 could potentially interact with DH5 in a smaller nanodisc, 

this may have interfered with nanodisc formation. We began these trials by variation of the 

lipid:1D1 ratio to identify conditions that would produce nanodiscs of a size that would be 

compatible with solution NMR.  

Since it has been established that TMD81 function is modulated by the type of lipid it is 

reconstituted into,65 we chose to investigate the utility of  nanodiscs for three lipids (DMPC, 

DMPG, and DLPC) over six ratios (160:2, 140:2, 120:2, 100:2, 80:2, and 60:2).  

 
 
3.3.1 Investigation of lipid:protein ratios for empty nanodiscs with 1D1 
 

To confirm that protocols for 1D1 nanodiscs could be successfully reproduced in our lab, 

we first attempted to make empty nanodiscs using DMPC.  The purification of 1D1 was completed 

as described in section 2.8 with aliquots on the Coomassie-stained gel (Figure 3.8) showing the 

presence of strong bands above the 26 kDa MW marker. The migration of 1D1 is slower than 

expected for a 24.6 kDa protein possibly due to some interactions that remain despite the addition 

of a reducing agent, such as SDS and b-mercaptoethanol. However, this observation would need 

to be confirmed by running another gel with a ladder placed on either side to see if the slower 

migration was reproducible and not due to discrepancies in gel making protocols. Therefore, all 
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suggestions made for the nanodisc samples using this purified sample are tentative and would need 

to be validated. Although some 1D1 was lost in the FT and wash steps (Fig. 3.8, lanes FT, W1 – 

W4), the single-step purification still gave sufficient yield (2 mg/L) and purity (>80%) to use in 

nanodisc formation trials.  

    

Figure 3.8: Coomassie-stained SDS-PAGE of fractions taken through various steps of the 
purification of 1D1 (500 µM) in Lipid Nanodisc buffer. L: MW ladder in kDa, FT: flow through, 
W1, W2, W3, and W4: wash steps, E: elution step. Red dashed line: expected MW for 1D1 (24.1 
kDa). 

Purified and concentrated 1D1 (500 µM) was used with DMPC to form nanodiscs, which 

was then subjected to SEC (Figure 3.9). For all ratios the SEC profile showed a peak centered at 

~12-12.5 mL (peak 1) and another peak at ~15.5-16 mL (peak 2). Gel analysis shows 1D1 is present 

in both peaks with higher levels in peak 1 for lipid:1D1 ratios of 120:2-160:2 (Figure 3.10). The 

elution volume of peak 1 corresponds to a ~160 kDa complex that is within the expected range for 

successful nanodisc formation. However, the elution volume for peak 2 suggests a MW that is 

significantly smaller (~30 kDa), that could be due to free 1D1. As illustrated in Figure 3.9, the 

intensity of peak 1 increases relative to the intensity of peak 2 as the lipid to protein ratio increases, 

 L          FT   W1 W2    W3    W4   E 

~170 - 
~130 - 

~95 - 
~72 - 

~55 - 

~43 - 

~34 - 

~26 - 

~17 - 



  
 

57 

similar to results from previous studies.92,120 For lower lipid:protein ratios, specifically 60:2 and 

80:2, a ~50 kDa species is seen in the SDS-PAGE gel for peak 1 that may correspond to an SDS-

resistant MSP dimer, similar to those formed by DH5 (Figure 3.3C). However, in almost all 

samples there appeared to be evidence of MSP degradation to various degrees, which was 

particularly pronounced for the 80:2 and 160:2 sample (Figure 3.10). In addition, the bands within 

the gels show inconsistent migration that may be caused by the interactions with phospholipids in 

the sample or indicate a problem with the way the experiment was run (eg. inconsistent gel casting, 

errors in buffers or gel recipes, physical issues with gel apparatus, etc). Therefore, these results 

would need to be validated by additional trials.  

 

 

Figure 3.9: SEC profile on a SP200 column for empty 1D1 DMPC nanodiscs monitored by 
absorbance at 280 nm for DMPC:1D1 ratios: 60:2 (dark green), 80:2 (green), 100:2 (light green), 
120:2 (teal), 140:2 (light blue), 160:2 (blue). Estimates of MW are based on SEC profiles of MW 
standards published by the manufacturer.113  
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3.3.2 Investigation of empty nanodisc formation with 1D1 and DMPG 
 

We also investigated lipid:1D1 ratios for nanodiscs formed with DMPG, a lipid that is more 

frequently used to study membrane proteins in nanodiscs through solution-state NMR.92,96 

Nanodisc formation was attempted using previously purified 1D1 (500 µM) (Figure 3.8) and 

analyzed by SEC and SDS-PAGE (Figure 3.11). For all ratios, only one peak was observed in the 

profile, all centered around an elution volume of 12.5-13 mL which corresponds to an approximate 

MW of 160 kDa. In accordance with the DMPC nanodisc trials and previous studies,92,120 there is 

a shift to smaller elution volumes as the DMPG:1D1 ratio increases, suggesting a small increase 

in nanodisc size with increasing lipid amounts. SDS-PAGE analysis (Figure 3.11B-G) suggests 

that proteolytic degradation of 1D1 occurred to various degrees similar to observations with 

DMPC nanodiscs (Figure 3.10). The relative amount of the full-length product appears to be 

highest at the lipid:MSP ratios 80:2 and 100:2, although the inconsistencies in gel migration 

possibly due to lipid-protein interactions or potential errors with gel preparation complicates the 

analysis (Figure 3.11B-G).  

Figure 3.10: (previous page) Coomassie-stained SDS-PAGE gels for samples indicated peaks 
taken from SEC of nanodiscs made from DMPC:1D1 ratios of (A) 60:2, (B) 80:2, (C) 100:2, (D) 
120:2, (E) 140:2, and (F) 160:2. L: MW ladder in kDa, S: sample taken after nanodisc 
reconstitution, SEC (F5-F15): 0.5 mL fractions from SEC starting at an elution volume of  11 mL 
(F5). Light red boxes: full-length 1D1, orange boxes: 1D1 dimers (~ 50 kDa), red dashed line: 
expected MW of 1D1 (24.6 kDa). While nanodisc reconstitution under these conditions was 
attempted twice for ratios 60:2-120:2, only one trial is represented for all ratios in this figure. 
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3.3.3 Investigation of nanodisc formation with 1D1 and DLPC 
 

Since previous studies showed higher TMD81 activity in DLPC bicelles,65 we also 

attempted to make nanodiscs with this lipid using 1D1. Following the same protocols used for the 

C-14 lipids, we observed extensive aggregation of nanodisc mixtures prior to FPLC analysis. 

These difficulties with empty nanodisc formation with DLPC may be a result of instability caused 

by ellipticity and high lateral pressure.94 Since there are also no examples we could find in the 

literature of DLPC nanodiscs with an incorporated integral membrane protein, no further attempts 

were made to produce these nanodiscs.            

         

3.3.4 Investigation of nanodisc formation with 1D1DHis and DMPC  
  

All nanodisc attempts with 1D1 were observed to suffer from proteolysis to various degrees 

and may reflect loss of the hexahistidine tag which would be expected to lack structure, and 

therefore be more susceptible to cleavage. For this reason, we attempted to first remove the his-

tag from 1D1 (1D1DHis) (Figure 3.11A) as this was expected to improve sample homogeneity 

although the 1D1DHis band was hard to discern due to its relatively low concentration. After 

purification protease inhibitor was added to each sample to inhibit any further protein 

degradation.92  

Figure 3.11: (previous page) (A) SEC profile on a SP200 column monitored at 280 nm for empty 
1D1 DMPG nanodiscs for DMPG:1D1 ratios: 60:2 (dark green), 80:2 (green), 100:2 (light green), 
120:2 (teal), 140:2 (light blue), 160:2 (blue). Absorbance at 280 nm was monitored. Estimates of 
MW are based on SEC profiles of MW standards published by the manufacturer.113 (B-G) 
Coomassie-stained SDS-PAGE gels for indicated peaks taken from SEC of nanodiscs made from 
DMPG:1D1 ratios of (B) 60:2, (C) 80:2, (D) 100:2, (E) 120:2, (F) 140:2, and (G) 160:2. L: MW 
ladder in kDa, S: sample taken after nanodisc reconstitution, SEC (F6-F12): 0.5 mL fractions from 
SEC starting at an elution volume of  12 mL (F6).Red dashed line: expected MW of 1D1 (24.6 
kDa). While nanodisc reconstitution under these conditions was attempted twice for ratios 60:2-
120:2, only one trial is represented for all ratios in this figure. 
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1D1DHis (200 µM) samples (Figure 3.12A) combined with DMPC in ratios, 120:4 – 320:4 

showed a similar trend to that seen previously on SEC (Figure 3.12B), with two peaks centered at 

8.9-9.5 mL (peak 1) and 11.8-12 mL (peak 2) with peak 1 being the dominant species at higher 

lipid: 1D1DHis ratios. The elution volume of peak 1 corresponds to a complex that is very large 

(~650 kDa) suggesting aggregate formation may have occurred. Peak 2 represents a species that 

is ~165 kDa that could represent successful nanodisc formation. SDS-PAGE analysis (Figure 

3.12C-H) was conducted using SYPRO-Ruby stain as sample concentrations were too low to 

detect using Coomassie stain. These gels showed a band with a slower mobility than the expected 

22 kDa size (Figure 3.12C-H) as observed previously for full-length 1D1 (Figure 3.10). Other 

bands were also present in these samples, including a lower MW species (~17 kDa) that was 

present prior to SEC in some of the samples (i.e. 160:4, 280:4 and 320:4). In addition, diffuse 

intensity appearing at a higher MW suggests the possible presence of aggregates in all samples to 

varying degrees. These results were surprising as successful formation of nanodiscs should give 

rise to complexes that are stable in subsequent chromatography steps. The low quality of the gels 

due to background noise prevents accurate assignment of nanodisc compositions.   
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3.3.5 Investigation of TMD81-encapsulation for 1D1DHis and DMPC nanodiscs  
 

Since experiments with empty nanodiscs were inconclusive, 1D1DHis (200 µM) nanodisc 

formation was attempted with purified TMD81 (200 µM) (Figure 3.13A) in DMPC in ratios 

120:4:1 – 320:4:1 and analysed through SEC (Figure 3.13B) and SDS-PAGE (Figure 3.13C-H). 

Similar to results for empty nanodiscs, SEC showed two peaks centered at 8.6 – 9.3 mL (peak 1) 

and ~12 mL (peak 2) corresponding to >670 kDa aggregates and ~160 kDa nanodiscs respectively. 

SYPRO-stained gels all showed the presence of high MW aggregates (Figure 3.13C-H). At the 

lower lipid:protein ratios, specifically 120:4:1, and 160:4:1 SEC peak intensities were very low 

(£20 mAU) and no species at the expected MW for 1D1DHis (22 kDa) or TMD81 (25 kDa) was 

seen in the gel. A band was visible at ~25 kDa in fractions taken from sample prepared with higher 

lipid:protein ratios. Due to the similarity in migration of TMD81 with the slowed migration for 

1D1DHis it difficult to resolve the two species on the gel. In addition, the poor quality and presence 

of background noise makes it impossible to draw conclusions from this data.  

Figure 3.12: (previous page) (A) 1D1DHis (200 µM) purification Coomasie-stained SDS-PAGE 
gel (B) SEC profile on a SP200 column monitored at 280 nm for empty 1D1DHis DMPC nanodiscs 
for DMPC:1D1DHis ratios: 120:4 (dark green), 160:4 (green), 200:4 (light green), 240:4 (teal), 
280:4 (light blue), 320:4 (blue). Estimates of MW are based on SEC profiles of MW standards 
published by the manufacturer.113 (C-H) SYPRO-Ruby stained SDS-PAGE gels for SEC fractions 
for indicated peaks taken from SEC of nanodiscs made from DMPC:1D1DHis ratios of (C) 120:4, 
(D) 160:4, (E) 200:4, (F) 240:4, (G) 280:4, (H) 320:4. L: MW ladder in kDa, M: 1D1DHis sample, 
S: sample taken after nanodisc reconstitution, SEC (F1-F7): 0.5 mL fractions from SEC starting at 
an elution volume of  9 mL (F1).Light red boxes: full-length 1D1, red dashed line: expected MW 
of 1D1DHis (22 kDa). While nanodisc reconstitution under these conditions was attempted twice 
for ratios 60:2-120:2, only one trial is represented for all ratios in this figure. 
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Figure 3.13: (previous page) (A) TMD81 (200 µM) purification Coomasie-stained SDS-PAGE 
gel (B) SEC profile on a SP200 column for TMD81 in 1D1DHis DMPC nanodiscs for 
DMPC:1D1DHis:TMD81 ratios: 120:4:1 (dark green), 160:4:1 (green), 200:4:1 (light green), 
240:4:1 (teal), 280:4:1 (light blue), 320:4:1 (blue). Absorbance at 280 nm was monitored. 
Estimates of MW are based on SEC profiles of MW standards published by the manufacturer.113  
(C-H) SYPRO-Ruby stained SDS-PAGE gels for indicated peaks taken from SEC of nanodiscs 
made from DMPC:1D1DHis:TMD81 ratios of (C) 120:4:1, (D) 160:4:1, (E) 200:4:1, (F) 240:4:1, 
(G) 280:4:1, (H) 320:4:1. L: MW ladder in kDa, M: 1D1DHis sample, SP: soluble fraction after 
lysis, DSP: detergent fraction after lysis, FT: flow through from the nickel affinity chromatography 
column, W1 and W2: fractions from the nickel affinity chromatography wash steps, E: eluted 
fraction, CFT: concentrator flow through, S: sample taken after nanodisc reconstitution, SEC (F1-
F12): 0.5 mL fractions from SEC starting at an elution volume of  9 mL (F1). Red dashed line: 
expected MW of 1D1DHis (22 kDa), purple dashed line: expected MW for TMD81 (25 kDa). 
Nanodisc reconstitution under these conditions was only attempted once. 

 

3.3.6 Investigation of nanodisc formation for 1D1DHis and DMPG  
 

Empty nanodisc formation with 1D1DHis (200 µM) was attempted using DMPG in the 

presence of a protease inhibitor cocktail (Figure 3.14A). SEC analysis showed a peak centered at 

~8.4 mL (peak 1) for ratio 320:4 that evolved into a peak centered at ~ 12 mL (peak 2) for 120:4 

(Figure 3.14A). Peak 1 corresponds to a >670 kDa species whereas, peak 2 is closer to the expected 

MW of ~160 kDa for nanodiscs, with maximal yield at a ratio of 160:4 (Figure 3.14A). SDS-PAGE 

analysis shows the expected migration for a 22 kDa species, with minimal levels of uncleaved 

1D1. There was evidence of higher MW aggregate in the gel for all ratios (Figure 3.14B-G). Based 

on peak intensities and 1D1DHis band intensities, 160:4 – 240:4 appear to be most promising for 

incorporation of TMD81. Since we were interested in analyzing a sample by solution NMR, we 

chose to incorporate TMD81 into 1D1DHis DMPG nanodiscs using the lower ratio of 120:4:1 

since we expect that some lipids in the nanodisc will be replaced by TMD81.  
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Figure 3.14: (previous page) (A) SEC profile on a SP200 column monitored at 280 nm for empty 
1D1DHis DMPG nanodiscs for DMPG:1D1DHis ratios: 120:4 (dark green), 160:4 (green), 200:4 
(light green), 240:4 (teal), 280:4 (light blue), 320:4 (blue). Estimates of MW are based on SEC 
profiles of MW standards published by the manufacturer.113 (B-G) SYPRO-Ruby stained SDS-
PAGE gels for indicated peaks taken from SEC of nanodiscs made from DMPG:1D1DHis ratios 
of (B) 120:4, (C) 160:4, (D) 200:4, (E) 240:4, (F) 280:4, (G) 320:4. L: MW ladder in kDa, M: 
1D1DHis sample, S: sample taken after nanodisc reconstitution, SEC (F1-F8): 0.5 mL fractions 
from SEC starting at an elution volume of  9 mL (F1). Dark red boxes: full-length 1D1 (25 kDa), 
light red boxes: 1D1DHis (22 kDa), red dashed line: expected MW of 1D1DHis (22 kDa). Nanodisc 
reconstitution under these conditions was only attempted once. 
 
3.3.7 NMR Spectroscopy of WT TMD81 in 1D1DHis and DMPG nanodiscs 
 

The incorporation of TMD81 into 1D1DHis DMPG nanodiscs at the ratio of 120:4:1 was 

conducted by combining purified TMD81 (200 µM) (Figure 3.15A) and 1D1DHis (200 µM) 

(Figure 3.12A) with DMPG and protease inhibitor. SEC analysis (Figure 3.15B) yielded a broad 

peak centered at ~12 mL suggesting the formation of a ~160 kDa complex. While the peak had a 

shoulder eluting at lower volumes, fractions that represent elution volumes 11-13 mL (fractions 5-

9) were combined to prepare a sample for NMR. SDS-PAGE analysis (Figure 3.15C) of fractions 

from SEC and the concentrated NMR sample show two species at MW ~25 kDa and ~28 kDa. It 

is difficult to assign these species as the 28 kDa species is larger than predicted for either 1D1DHis 

(22 kDa) or TMD81 (25 kDa). However, since the TMD81 in the sample was 15N-labeled and we 

observed two bands, as expected, in the gel, we proceeded to record an 1H-15N HSQC-TROSY 

experiment (Figure 3.16 labelled in red). Not unexpectedly for a complex of this size and the low 

concentration we anticipated of TMD81 in the sample (~15 µM), very little intensity was observed 

in this spectrum (Figure 3.16).  Although there is a small number of very broad peaks in the central 

part of the spectrum, it is not possible to determine if this signal originates from TMD81.   
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Figure 3.15: (A) Pure 15N TMD81 (200 µM) sample used for nanodisc formation. (B) SEC run on 
a SP200 column monitored at 280 nm for 15N TMD81 in 1D1DHis (22 kDa) DMPG nanodiscs (C) 
Coomassie-stained SDS-PAGE of fractions from SEC for 15N TMD81 in 1D1DHis DMPG 
nanodiscs. Estimates of MW are based on SEC profiles of MW standards published by the 
manufacturer.113 L: molecular weight ladder in kDa, DSP: detergent fraction after lysis, FT: flow 
through from the nickel affinity chromatography column, W1 and W2: fractions from the nickel 
affinity chromatography wash steps, C: pooled, elution fractions after concentration, E: eluted 
fraction, CFT: concentrator flow through, S: sample taken after nanodisc reconstitution, SEC (F3-
F12): 0.5 mL fractions from SEC starting at an elution volume of 10 mL (F3), N: concentrated 
NMR sample (F5-9) with 10% D2O. Red dashed line: expected MW of 1D1DHis (22 kDa), purple 
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dashed line: expected MW for TMD81 (25 kDa). Nanodisc reconstitution under these conditions 
was only attempted once. 
 

 
Figure 3.16: Superposition of 1H-15N HSQC spectrum for 15N TMD81 (100 µM) in DPC detergent 
micelles (grey) and 15N TMD81 (~15 µM) in 1D1DHis DMPG nanodiscs (red) each with 10% 
D2O and at 45°C. Spectra were acquired using a 500 MHz spectrometer equipped with a triple 
resonance cryoprobe. 

 
3.3.8 Assessment of nanodisc composition through MALDI mass spectrometry  
 

To determine if the 1D1DHis samples correspond to the expected products of TEV protease 

cleavage we conducted matrix-assisted laser desorption/ionization (MALDI) MS for the 120:4:1 

(DMPG:1D1DHis:TMD81) sample.  As shown in Figure 3.17B in addition to the expected species 

at ~ 22 kDa that should correspond to 1D1DHis, multiple peaks of lower MW also appeared that 

may represent degradation products of 1D1DHis and/or TMD81 (~17, ~13, ~12, ~11, and ~8 kDa). 

Although no peak intensity corresponding to the MW of TMD81 (25 kDa) was observed, a control 

MALDI-MS spectrum (Figure 3.17A) acquired for a concentrated TMD81 (200 µM) sample in 
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DPC detergent micelles also did not show any peaks for this species. This reflects the difficulty of 

obtaining MALDI-MS for integral membrane proteins, a challenge that may be further exacerbated 

by the presence of the MSP nanodisc. Nonetheless, this experiment highlighted the problems that 

continue to persist with proteolysis of the MSP samples during nanodisc reconstitution, despite the 

inclusion of protease inhibitors in this solution. 

 
Figure 3.17: MALDI-MS for (A) TMD81 (200 µM) in DPC detergent micelles, and (B) TMD81 
(~15 µM) encapsulated in 1D1DHis DMPG nanodiscs. Conducted on a Microflex MALDI-TOF 
mass spectrometer with a m/z window of 0-30 kDa. The matrix used for both samples was 4-
HCCA. Spectra were acquired through the culminations of signals obtained using the sandwich 
and mixed method. 
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Chapter 4: Discussion and Conclusion  
 
4.1 Challenges with TMD81 incorporation into MSP nanodiscs  
 

The results for all nanodisc experiments were significantly affected by two challenges; 

significant proteolysis of both MSP variants (DH5 and 1D1) in all samples, and very low yields of 

nanodiscs even when nanodisc reconstitution was successful.  

Proteolysis of both MSP variants, DH5 and 1D1, was observed in empty and TMD81-

encapsulated nanodiscs regardless of the lipid and ratio used. While we attempted to reduce the 

proteolysis by adding protease inhibitor into the reconstitution mixture before the addition of bio-

beads, proteolysis was still observed albeit to a lesser extent. This observation was puzzling as the 

inhibitor cocktail contained a broad range of inhibitors for cysteine (E64)121, serine (AEBSF)122, 

aminopeptidase (bestatin)123, aspartic acid (pepstatin)124, and metalloproteases 

(phosphoramidon)125 similar to the protease cocktail used for other nanodisc preparations.92 Since 

the concentrations of protease inhibitor added to the reconstitution mixture should have been 

sufficient for full inhibition, we propose that the protease inhibitors present in the cocktails not 

used in our study may have been more effective than the ones used in our work.  These include D-

mannitol,126 EDTA,127 and poly vinyl pyrrolidone K90 (phenolic inhibitor)128, for inhibiting 

cysteine, aspartic acid, metalloproteases, and aminopeptidase proteases. Also, it is possible that 

our protease inhibitor cocktail lost potency during the nanodisc reconstitution process since the 

mixture is typically stored at room temperature for over 24 hours during detergent extraction with 

bio-beads. The temperature we used for nanodisc formation follows previously established 

protocols92 to ensure that it remains above the lipid transition temperature and could be 

circumvented in future attempts at nanodisc reconstitution by adding protease inhibitor cocktail to 

the reconstitution mixture at several points in the procedure; for example, during the MSP 
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purification, prior to bio-bead addition, 12 hours through bio-bead incubation, and prior to SEC 

analysis. 

While there are no studies that examine the rate of MSP proteolysis after nanodisc 

formation, proteolysis of 1D1 in nanodiscs with DMPC, DMPG, and 1,2-dimyristoyl-sn-glycero-

3-phosphate (sodium salt) (DMPA), has been previously observed.129 DMPC and DMPA nanodiscs 

showed significant instability on SEC profiles after one week of storage as seen by the presence 

of additional peaks that represent higher and lower MW species. While it is possible that the 

instability of 1D1 in DMPC and DMPA nanodiscs arose from inappropriate lipid to 1D1 ratios,129  

our investigations showed MSP degradation in all samples to varying degrees, even in lipid:MSP 

ratios that have been shown in previous studies to produce stabilized nanodiscs.92,96 Since the 

susceptibility of MSP proteolysis has been previously observed,102 it may be helpful in the future 

to subject MSP samples to an additional purification step, the most obvious choice being size-

exclusion chromatography (SEC) that has been used in previous studies to get rid of MSP 

degradation products as well as contaminating proteases.130   

Throughout the trials of nanodisc incorporation, yields were found to be low, even when 

favorable lipid to protein ratios were used. While MSP degradation was an obvious contributor to 

these low yields, it is also possible that oligomerization of TMD81 could have complicated the 

generation of homogeneous nanodisc preparations. Previous studies with full-length ecGlpG, as 

well as other rhomboid proteases (AarA52, hiGlpG52,131, YqgP131), have shown significant dimer 

formation in detergent micelles52,58,131 through sedimentation equilibrium analysis.131 In addition, 

dimerization of TMD81 was observed with the potential formation of a tetrameric state in a subset 

of detergent micelles types (i.e. Mal-12, Lyso-Fos-12, Lyso-Fos-14) as suggested by SEC 

profiles.58 Furthermore, kinetic studies performed on AarA with its physiological substrate 
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revealed cooperative activity with a hill coefficient that was close to 2, suggesting the dimer is the 

physiologically-relevant functional state.52 In contrast, the Urban group used Halo tagging at the 

C-terminus to measure photobleaching rates for ecGlpG in membranes of various thickness and 

composition, and observed the presence of monomeric protein in all cases. While these results 

suggest that the physiologically relevant functional state for ecGlpG may be monomeric, the 

presence of multiple oligomeric states in detergent micelles presents challenges during our 

reconstitution that may have increased the heterogeneity of nanodiscs in our preparations. While 

we attempted to reduce the oligomerization of TMD81 by doubling the ratio of MSP, this was 

unsuccessful and appeared to result in the formation of empty nanodiscs as illustrated in Figure 

3.5.  

While ecGlpG oligomerization may contribute to some of the heterogeneity seen in the 

SEC profiles, the large size of the early eluting complexes far exceeds expected MW for nanodiscs 

and is more likely to reflect nonspecific aggregation.  Previous studies with the a-helical 

membrane protein, bacteriorhodopsin (~22 kDa), also gave rise to similarly large aggregates.96 

Electron microscopy suggested that this species was an amalgamation of larger nanodiscs that had 

formed as well as the clustering of regular nanodiscs and was dependent on the lipid: MSP ratio 

used.96 

 

4.2 Limitations of results  

Significant limitations of this thesis arise from the absence of duplicate trials to assess the 

reproducibility of the results and the poor quality of many of the SDS-PAGE gels. All trials shown 

in the results (Chapter 3), were only done once or twice, making it impossible to draw meaningful 

conclusions. One of the issues is that TMD81 yields are very low (0.5-0.9 mg/L of culture) and 
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purifications are time intensive. Therefore, there was a pressure to expand the range of conditions 

that could be tested with each trial at the expense of ensuring reproducibility. For future studies, 

the repetition of all experiments to establish reproducibility on a greater scale would allow more 

useful conclusions to be drawn from the results.  

In addition, the inconsistent and poor quality of the SDS-PAGE gels created addition 

problems in the analysis of results. Many gels showed inconsistent migration across the lanes, 

suggesting potential problems with experimental set-up such as, inconsistent gel casting, errors in 

buffers and gel recipes, physical problems with the gel apparatus, etc. To avoid these problems, 

pre-cast gels could have been purchased and MW ladders run on both sides of all gels. 

Furthermore, the concentration of samples was not adjusted prior to SDS-PAGE gel analysis, 

which sometimes lead to over-loading problems. This sometimes gave rise to inconsistent band 

intensities, streaking, and seeping of samples into neighbouring lanes. While the determination of 

concentration was complicated by the very low yields obtained for all samples and the absorbance 

of the detergent, Triton-X100, at 280 nm, approximations of concentrations would have likely 

resulted in better resolved gels.  

 
4.3 Future directions for TMD81 NMR studies in membrane mimicking environments 

Due to the problems we experienced with MSP proteolysis and possible oligomerization, 

it may be useful to use circularized nanodiscs (cNDs) in future attempts to incorporate TMD81 

into lipid particles.132  Circularized MSPs have been made from  linear DH5 and 1D1 by covalently 

linking  C- and N- termini through the use of sortase A, a transpeptidase that is able to cleave the 

consensus sequence (LPGTG) and anchor the remaining peptide to a glycine residue.133 This 

reaction is accomplished by attaching the consensus sequence near the C terminus and the glycine 

residue near the N terminus. NMR studies on 1H relaxation rates indicate that lipid dynamics are 
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more restricted in nanodiscs made with circularized MSP compared to their linear counterparts, 

possibly explaining the greater thermal stability observed.133 In addition, despite the increase in 

diameter of ~1 nm seen by electron microscopy for circular nanodiscs (cNDs), higher homogeneity 

in cNDs size was observed.133  Two variants of cNDs, cNW9 (diameter = 9nm) and cNW11 

(diameter = 11nm), have been used to study the b-barrel membrane protein, VDAC-1, by solution 

NMR.133 HSQC spectra for both variants showed enhanced signal intensities and better resolution 

than previous 1H-15N HSQC spectra obtained in nanodiscs with linear MSPs, illustrating the 

benefits of the increased homogeneity133 and stability mentioned above. In addition to the spectral 

quality improvements, it was suggested that different sized MSPs allowed the incorporation of 

different oligomeric states of VDAC-1 due to spectral differences observed between cND9 and 

cND11 nanodiscs.133 All in all, these results suggest that cNDs may help to reduce the issues with 

proteolysis and oligomerization that were seen for TMD81 in nanodiscs made with linear MSPs.   

In addition to MSPs, other proteins can form soluble complexes with lipids to create 

alternative nanodiscs that are also able to reconstitute a membrane protein into a lipid bilayer. A 

promising alternative is based on Saposin-A (SapA), an amphipathic protein that can exist in a 

closed, soluble and an open, lipid-bound state. X-ray crystal structures have shown that SapA can 

form dimers,134 or larger oligomers to make various sizes of lipoparticles.135  SapA-based 

nanodiscs have been used to solubilize the 7-TM helix rhodopsin II and acquire a 1H-15N HSQC 

spectrum.135 While the spectral quality suffered from large size of the complex (>200 kDa), SapA 

nanodiscs were stable over a wide range of pH values, and could even tolerate being subjected to 

freeze-thaw cycles.  There was also better homogeneity than that seen in nanodiscs as measured 

by SEC and negative-stain EM.135 In addition, the a-helical proton-coupled oligopeptide 

transporter (POT), PepTSo2, reconstituted into SapA-discs also had greater thermostability (Tm = 
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72°C) than that obtained in detergent micelles (Tm = 43°C). Single-particle cryo-EM showed a that 

these complexes had a diameter of 12 nm, suggesting a tetrameric state for PepTSo2 that was in a 

nanodisc formed by four SapA molecules.136 This observation suggests that SapA can 

accommodate various sizes of membrane proteins as the number of SapA subunits that form the 

nanodisc can vary depending on the size of the complex being formed.  This would remove the 

need to test MSP proteins of various lengths in optimization trials, with only lipid-to-protein ratios 

needing investigation for optimal complex formation.136  

 

4.4 The study of ecGlpG conformational dynamics by solid-state NMR 
 

Solid-state NMR (ssNMR) has become a powerful tool for the study of membrane proteins 

in lipid bilayers,137 often under more physiological conditions and temperatures than is possible 

by solution NMR.138 During the writing of this thesis, a ssNMR was published by the Lange group 

that recorded 2D and 3D spectra of TMD81 in liposomes. This allowed chemical shift assignment 

of backbone residues and a more detailed study of the putative substrate gate.138 In this study 

TMD81 mutants were made to change the strength of interactions between a-helix 2 (a2) and 5 

(a5). To reduce the ability of a5 to undergo lateral motion, cysteine residues were introduced at 

various sites in a2 and a5. Cross-linking between cysteine residues using a 1,2-

bis(methylsulfonyl-sulfonyl)ethane (M2M) linker lead to a significant decrease in proteolysis 

activity along with severe broadening in peaks arising from a5 as well as parts of L1, the lower 

part of a-helix 6, and some residues on a-helix 1, 2, and 3. This broadening suggested a more rigid 

overall protein conformation that was confirmed by comparison of relaxation rates in the ps-ns 

(R1) and ns-ms (R1r) time scales in the crosslinked versus reduced (non-crosslinked) states.138 

Despite smaller than expected differences in measured bulk relaxation rates, there was an increase 
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in slower timescale dynamics at the expense of faster timescale motions when the two residues 

were mutated to cysteine in a non-crosslinked state. Molecular dynamic simulations performed in 

the same study also supported a dynamic state for  a5 that was similar to those seen in loop regions 

of TMD81.  These results all strongly support the role of helix a5 in substrate gating and illustrate 

the promise of studying TMD81 gating dynamics through solid-state NMR.  

 

4.5 Conclusion  
 

In conclusion, the results observed in this thesis show two main challenges faced with 

TMD81 incorporation into nanodiscs; one, the high level of MSP proteolysis in all samples, and 

two, the low yields obtained for successful TMD81-encapsulated nanodiscs. While additional 

efforts could be dedicated to optimization to address these issues, alternative nanodisc systems or 

the use of solid-state NMR may have more promise for the study of TMD81. 
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