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ABSTRACT 

 Viroporins are a class of viral membrane proteins that play diverse roles in the viral 

infection cycle. Viroporins are known to play roles in ion transport, inducing membrane curvature, 

as well as participating in a variety of protein-protein interactions. However, there is little known 

about the oligomeric state of viroporins. The lack of quantitative data on the oligomeric state of 

viroporins is due to key analytical challenges associated viroporins, including that they are 1) 

hydrophobic, and require a membrane mimetic for analysis, 2) small, making viroporins 

unamenable to some structural biology techniques such as cryo-EM, and 3) contain intrinsically 

disordered regions, which also poses challenges for structural characterization. To overcome these 

analytical challenges, this dissertation outlines the application of the unique combination of native 

mass spectrometry (MS) and nanodiscs for the oligomeric state determination of viroporins.  

 The unique combination of native MS and nanodiscs can be used to determine the 

oligomeric state and lipid specificities of membrane proteins (such as viroporins) while embedded 

within a lipid bilayer using mass defect analysis. This dissertation reviews how to perform mass 

defect analysis, provides examples of how mass defect analysis has been applied in the past, as 

well as providing tips for overcoming some of the technical limitations associated with mass defect 

analysis.  

 This dissertation also outlines a structure-activity relationship study performed to identify 

novel charge reducing agents for native MS. Charge reducing agents can be useful for the 

preservation of fragile complexes, such as viroporins, during native MS. Here, we found improved 

charge reducing agents that were effective on a wide range of analytes. We also uncovered the 
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chemical principles governing charge reduction, which may provide a basis for the development 

of even better novel charge reagents in the future. 

 The first viroporin characterized with native MS was M2 from influenza A. Here, native 

MS revealed that M2 assembled into a range of previously undetected oligomers, ranging from 

monomer through hexamer. Native MS also revealed that M2 oligomerization is highly sensitive 

to the local environment, being influenced by a range of factors including detergent type, solution 

pH, and the surrounding lipids. These results suggest that the behavior of M2 may be far more 

dynamic than initially thought.  

 The methods developed to characterize M2 were then extended to characterize a broader 

range of viroporins from other clinically relevant viroporins, including viroporins from HIV, 

SARS-CoV-2, and polio. Native MS revealed that this broader range of viroporins also had 

complex patterns of oligomerization and could be highly influenced by the local environment.  

 Overall, the methods outlined in this thesis detail the methods for determining the 

oligomeric state of viroporins in a wide range of chemical environments. Native MS revealed that 

the behavior of viroporins is more dynamic and complex than initially thought. The mass 

spectrometry approaches outlined in this dissertation provide directions for determining the 

oligomeric state of membrane proteins while embedded in a lipid bilayer, as well as may enable 

the development of novel therapeutics targeting viroporin complexes.  
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CHAPTER 1  INTRODUCTION 

1.1 VIRUSES 

Viruses pose major public health issues globally each year. One of the major challenges 

surrounding viral infection is the lack of effective treatments. A better understanding of virus 

biochemistry is key for the development of improved therapeutics. 

Viral genomes are remarkably versatile and can be encoded with either double stranded 

DNA or RNA. Additionally, the genomes of viruses can be packaged as one long strand or in 

pieces, as well as being present in both linear and circular forms.11, 12 Unlike the genetic 

information of non-viruses, the genomes of viruses are highly diverse and have little very little 

sequence homology.13  

Viruses typically have small genomes. Although there are some exceptions, such as the 

mimivirus which contains about 1,000 genes, a genome that is bigger than many bacteria.14 

However, instances such as this are outliers. Generally speaking, viruses tend to have small 

genomes.15 Small genome sizes are advantageous to viral replication, where copies of the viruses 

genes are exponentially replicated within the infected host cell. The smaller the genome of the 

virus, the faster the virus can replicate.16  

Many viruses have evolved a variety of strategies for minimizing the size of their genome. 

Viruses lack the long stretches of non-coding DNA that are found in non-viruses. Many viruses, 

such as polio and hepatitis C, do not have individual start and stop codons for each gene, and 

instead express one long polypeptide chain that is then post-translationally cleaved by viral 

proteases into its individual protein constituents.17, 18  
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 Another strategy used by viruses for minimizing genome size is to encode smaller proteins 

that function at multiple stages of the viral replication cycle.19 These proteins can function as small 

building blocks and generate larger protein assemblies with themselves, other viral proteins, and 

proteins of the host.20 The flexible disordered regions of many viral proteins allow for them to 

easily adopt their fold and conformation as needed under different selective pressures.21 High 

conformational flexibility enables viral proteins to interact with many protein partners and still 

retain specificity, which can allow for the protein to be involved in a wide range of biochemical 

functions. The diversity in viral protein complexes that can be assembled from a single protein 

sequence allows for diverse functions from distinct oligomers.20        

1.2 VIROPORINS 

Viroporins are understudied viral proteins that are known to oligomerize and contain large, 

disordered regions. Viroporins are a class of small membrane proteins found in many viruses.22 

Viroporins are known to play a wide range of roles in the viral life cycle.23 One of the most widely 

 

Figure 1-1: Illustration showing the different major classes of viroporins. Class I viroporins 
are characterized by having one membrane spanning alpha helix. Class I viroporins are also 
sometimes phosphorylated at their C-terminus. Class II viroporins have multiple helix-turn-
helix motifs. Adapted from Nieva, J., et al, Nat Rev Microbiol., 2012, (10) 563-574.  
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reported functions of viroporins is their ion channel activity, but they also have a variety of other 

roles, including inducing membrane curvature and fluidity and aiding in viral budding and 

fission.24 Additionally, viroporins are involved in downstream protein-protein interactions that 

affect viral infection.24 Due to their critical role in a wide range of viral functions, viroporins can 

be targeted for the development of therapeutics, including antiviral compounds and vaccines.22, 25, 

26 However, drug development regarding viroporins has yet to be fully explored. Improving the 

characterization of the dynamics of viroporins can lead to the development of therapeutics 

targeting this protein class. 27 

Viroporins are typically grouped into two major classes, as illustrated in Figure 1-1. Class 

one viroporins are characterized by a single transmembrane domain on the monomeric unit, 

whereas class two viroporins often include helix-turn-helix hairpin motifs embedded within the 

lipid bilayer.28 The current paradigm is that viroporins will insert into host membranes and self-

oligomerize. It is believed that these fixed oligomers are the functional unit of the protein.28  

1.2.1 M2 FROM INFLUENZA A 

The best characterized viroporin to date is the ion channel M2 from the influenza A virus. 

One of the best characterized functions of M2 is its role as a selective proton channel. M2 will 

equilibrate the pH both across the viral lipid membrane during viral entry and across the trans-

Golgi membrane of host cells during infection.29 The transport of protons across the trans-Golgi 

membrane is essential for viral maturation because it protects nascent hemagglutinin, another 

influenza A membrane protein, from undergoing premature conformational changes due to low 

pH.30-33  



16 
 

Due to M2’s critical role in the life cycle of the influenza virus, it has been an attractive 

target for potential therapeutic compounds. Currently, M2 is the only viroporin that is a clinically 

approved drug target.22 Amantadine was approved for the treatment of Asian influenza in 1966 

and for influenza A in 1976.34 This compound is believed to block the channel formed through M2 

oligomerization in the bilayer and prevent the transport of ions across the bilayer, ultimately 

inhibiting viral replication.30, 35 However, amantadine resistant strains of influenza A quickly 

emerged after the drug became widely used. Interestingly, all of the mutations that have led to 

amantadine resistance in influenza A are located in the transmembrane (TM) domain of M2, such 

as the S31N mutation.36 

M2 is made up of 97 amino acid residues including a large C-terminal cytoplasmic tail that 

is believed to be largely disordered.37 There are currently over 30 different structures of M2 in the 

protein data bank (PDB), and nearly all these structures were solved using solution NMR. All the 

structures in the PDB suggest that M2 assembles into a tetrameric complex. However, none of the 

 

Figure 1-2: Selected experimental determined 3D structures of viroporin M2 embedded in a 
variety of membrane mimetics. Below each structure shows the length of the construct used, 
as well as whether amantadine was added to the sample prior to determining the structure.  
Structure are from PDB files 3C9J3, 1NYJ6, 2MUV7, 3LBW8, 2KAD9, 2MUW7, 6OUG10. 
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structures of M2 in the PDB are of the full-length protein, likely because the intracellular and 

extracellular regions of M2 are expected to be intrinsically disordered.3  

The majority of the existing structures of M2 consist of the transmembrane domain of the 

protein (residues 22-46) (shown in Figure 1-2). However, this is a relatively small portion of the 

entire protein, as highlighted in Figure 1-3, which raises questions of whether the structures or 

oligomeric states of M2 could be significantly different when examining the full length M2. There 

have been challenges determining the structure of the full-length M2, thought to be largely due to 

its intrinsically disordered C-terminal cytoplasmic tail. 

Although all existing structures of M2 suggest that it is a tetramer, it appears that the 

structure of this protein can be highly influenced by its surrounding membrane mimetic. The 

 

Figure 1-3: An AlphaFold1 generated structure of full-length M2 shown on the left and 
an experimentally determined (PDB: 2MUV) structure of the transmembrane domain 
(residues 22-46) of M2 embedded within a POPC bilayer (bilayer generated in 
CHARMM-GUI4). The N- and C-termini are labeled on the full-length protein. 
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structure of M2 has been solved in a wide range of membrane mimetics, including both different 

types of detergents and lipid bilayers. There can be large differences among structures of M2 when 

the protein is embedded in different membrane mimetics, as highlighted in Figure 1.2.8, 38 In some 

instances, even when embedded in the same type of membrane mimetic, there are large differences 

among structures of the same protein.  

Interestingly, it is also reported with many of the different M2 structures that high 

(millimolar) concentrations of amantadine were added to the sample to help resolve the spectra.3, 

7, 9, 10 The addition of these high concentrations of the drug may also have an unappreciated 

influence on the structure of M2. In chapter four of this dissertation, we investigate some key 

questions surrounding M2, including 1) what is the oligomeric state of the full length M2, 2) how 

does the local environment, including the solution pH and surrounding lipids influence this 

oligomeric state, and 3) what are the major differences in oligomerization between the full-length 

M2 and its TM domain?  

1.2.2 VIRAL PROTEIN U (VPU) FROM HIV 

Viral protein U (Vpu) is a viroporin found in the human immunodeficiency virus (HIV). 

During virus entry, the glycoprotein on the surface of HIV binds to the CD4 receptor. After initial 

virus infectivity, Vpu will bind to CD4 to aid in downstream degradation. Degradation of CD4 is 

critical for the HIV infectivity cycle because it prevents the retention of nascent viruses to the 

surface of the cell, as well as preventing superinfection of the cell.39, 40  

It was initially proposed that Vpu may oligomerize to form selective channels due to its 

similarities in structural features with the M2 protein of influenza.40, 41 Additionally, early studies 

of Vpu in frog oocytes suggested that this protein may form cation selective channels.42 Later 
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investigations of synthetic Vpu in bilayers supported that Vpu forms cation specific channels.43, 44 

It has been suggested that this cation transport leads to membrane depolarization, which could 

influence the rate of HIV virus release.45 

 

 

Figure 1-4: A) An experimentally determined structure of the TM domain of Vpu (PDB: 
2N292) with the highly conserved “hinge” region of the protein highlighted in light purple in 
a POPC bilayer (bilayer generated in CHARMM-GUI4). B) and C) show an AlphaFold 
1generated model of the full-length Vpu modeled as a pentamer. B) shows this pentamer from 
the side and C) shows the structure from the bottom, which is the cytoplasmic side of the 
channel.  
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Although it is widely agreed that Vpu forms channels in the bilayer, the oligomeric state 

of Vpu when it self-assembles into these channels is still debated. Some computation studies have 

suggested that the most energetically favorable structure of the TMD of Vpu would be of a 

pentamer.46 Like M2, most of the structural data for Vpu is not of the full-length protein but instead 

of the shorter transmembrane domain of the protein, as shown in Figure 1-4. Although there are a 

small handful of structures of full-length Vpu in the PDB, there are no experimentally determined 

structures indicating the quaternary structure of Vpu; there are only structures of Vpu in its 

monomeric form.2, 47, 48   

Vpu has 81 amino acids and is made up of two distinct alpha-helical regions. The most 

highly conserved region of Vpu is the “hinge” region, which connects these two alpha-helical 

regions. One region is the N-terminal hydrophobic TM domain, which is believed to form a 

channel selective for monovalent cations.39 It has been found that this channel activity can be 

blocked by the amiloride derivative hexamethylene amiloride.49 The other major region of Vpu is 

a cytoplasmic C-terminal domain that is made up of several serines that are known to be 

phosphorylated within host cells.44 Despite its high clinical relevancy, there is significantly less 

known about the structure and function of Vpu than M2. In chapter five of this dissertation, we 

will cover some of the only reported experimental work of the full length Vpu. 

 

Figure 1-5: A sequence comparison of the envelope (E) protein amino acid sequences from 
coronavirus. The transmembrane domain is shown in brown, the conserved cysteines in blue, 
the conserved proline in red, and the PDZ-binding motif in orange. Adapted from Schoeman 
et al., Front Microbiol. 2020, 11: 2026. 
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1.2.3 ENVELOPE PROTEIN FROM SARS-COV-2 

The envelope (or “E”) protein is a viroporin found in SARS-CoV-2. Interestingly, the E 

protein from SARS-CoV-2 shares sequence similarity with the E protein from SARS-CoV-1 and 

MERS, particularly in the highly conserved N-terminus region,50 as shown in Figure 1-5. Based 

on knowledge from earlier coronaviruses, this high degree of conservation provided a basis of 

what the potential functions of the E protein could be at the start of the pandemic in 2020.51  

 

Figure 1-6: An image highlighting the differences between the full-length E protein (A) that 
was generated in AlphaFold21 and the TMD of the E protein (B) that was experimentally 
determined (PDB: 7K3G5). For the full-length protein (A) the TMD is highlighted in light 
green and the rest in dark green. The amino acid sequence is also shown (C) with the TMD 
underlined and shown in light green with the rest of the protein sequence shown in dark 
green.  
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The E protein is known to self-assemble into pores and is thought to potentially form 

cation-selective channels. Only a small percentage of expressed E proteins will be incorporated 

into the viral envelope, the majority of E protein is localized in the ER-Golgi intermediate 

compartment (ERGIC) of cells, where coronaviruses are known to bud and assemble.52, 53 It has 

been found that SARS-CoV-2 viruses lacking the E protein gene have a disfigured shape, 

suggesting that the E protein induces some of membrane curvature that allows the virus to take on 

its characteristic shape.54, 55  

It has been found that the E protein channel can be blocked by hexamethylene amiloride 

(HMA) and amantadine (AMT). Interestingly, it had been previously found that HMA blocks the 

activity of Vpu and AMT blocks the activity of M2.35, 56 

 

Figure 1-7: Schematic illustrating the complexity and polydispersity of a lipid bilayer. 
Adapted from Marrink, SJ et al., Chem. Rev. 2019, 119 (9), 6184-6226. 
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 Although the E protein plays a critical role in the virus, there have been challenges gaining 

structural information on the E protein. There is a structure of the E protein solved with solid-state 

NMR that suggests that the E protein may form pentameric complexes,57 but this structure is of 

the isolated transmembrane domain, not the full-length protein. Given that the transmembrane 

domain is less than half of the full-length protein (as shown in Figure 1-6), it can be challenging 

to draw conclusions on the structure of the full protein. Additionally, there is still some ongoing 

debate within the field on whether this pentameric structure is the only functional form of the E 

protein or if other oligomeric states may exist.58, 59 Chapter 5 of this dissertation will investigate 

the patterns of oligomerization of the full length E protein, how this oligomerization is influenced 

by its local chemical environment, as well as investigating the ion channel activity of the E protein.  

 

Figure 1-8: Schematic illustrating a membrane protein embedded in the most implemented 
membrane mimetics applied. Adapted with permission from Marty; et al., Acc. Chem. Res. 
2016, 49 (11), 2459-2467. 
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1.3 ANALYTICAL CHALLENGES WITH MEMBRANE PROTEINS 

Cells are surrounded by an amphipathic lipid envelope called the lipid bilayer. This lipid 

bilayer is what separates the interior of the cell from the outside world. The cell membrane is 

tremendously complex, being made up of hundreds of different types of lipids, as shown in Figure 

1-7.60 Slight changes in the composition of cell membranes can have a huge influence on the 

biophysical properties of the bilayer, altering the charge, fluidity, and curvature of the bilayer.61 

All of these properties of the bilayer can directly influence the structures and functions of the 

membrane proteins embedded within the bilayer.62 

Membrane proteins constitute about 30% of the total proteome.63, 64 However, membrane 

proteins make up only 2-3% of high-resolution structures in the protein data bank (PDB).65 This 

is partially due to the analytical challenges associated with studying membrane proteins.  

 

Figure 1-9: Schematic showing the process of the formation of nanodiscs, both with and 
without membrane proteins (MP). Adapted from Conrard et al. Biomolecules 2019, 9(10), 513. 
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1.3.1 DETERGENT MICELLES 

One of the major challenges associated with characterizing membrane proteins is their 

hydrophobic exterior. This requires some form of a membrane mimetic for the analysis of 

membrane proteins, shown in Figure 1-8. By far, the most common membrane mimetic used for 

the analysis of membrane proteins is the detergent micelle.66 Detergents are typically used in the 

extraction of membrane proteins from the native lipid bilayer, as well as throughout the 

purification and analysis of the membrane protein.67 Screening for a suitable detergent is an 

important part of membrane protein analysis, as not all membrane proteins are stable in all 

detergent environments. Additionally, some detergents may be more suitable for the extraction of 

the membrane protein from the native lipid bilayers, whereas other detergents may be more 

appropriate for different analytical techniques.68  

Detergents are typically amphipathic molecules that are made up of a polar head group and a 

nonpolar tail. 67 There a variety of different types of commercially available detergents, including 

ionic detergents, nonionic detergents, zwitterionic detergents, and bile acid salts.69 Each detergent 

molecule has its own critical micelle concentration (CMC), which describes the concentration of 

detergent molecules in a solution necessary for micelles to spontaneously assemble in solution.  

The concentration of detergent molecules necessary to self-assemble into micelles generally ranges 

from as low as 0.025% for DDM detergent to as high as 1.5% for OG detergent.  

1.3.2 NANODISCS 

An emerging technology for the analysis of membrane proteins is the nanodisc. Nanodiscs are 

nanoscale lipid bilayers that are surrounded by two amphipathic helical protein scaffold belts.70 

Nanodiscs are useful because they solubilize the membrane protein in a lipid bilayer, which is a 
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more native like environment than many other membrane mimetics, such as detergent micelles. 

The size of nanodiscs can be tuned by switching the length of the protein scaffold belt. The 

composition of the nanodisc can also be altered by changing the types of lipids incorporated. These 

factors make nanodiscs a versatile tool for studying membrane proteins. Ultimately, nanodiscs 

provide significant advantages of other more commonly used membrane mimetics.   

Nanodiscs are assembled by mixing lipids that have been solubilized in detergent with this 

amphipathic membrane scaffold protein (MSP) belt, as shown in Figure 1-9. These MSP belts 

were derived from the apolipoprotein-A1 (ApoA1) that are often found in high density lipoprotein 

protein particles.71 This mixture is then combined with polystyrene Biobeads, which remove the 

detergent molecules from the solution and promote the spontaneous formation of these nanoscale 

lipid bilayers.72, 73 Nanodiscs can then be purified and buffer exchanged using size exclusion 

chromatography. In Chapter 2, we will discuss more on the earlier work with native MS of 

nanodiscs. 

1.3.3 TECHNIQUES FOR DETERMINING OLIGOMERIC STATE OF MEMBRANE PROTEINS 

There are a variety of analytical tools that can be used for determining the oligomeric states 

of membrane proteins and peptides. Here, we will describe some of the most common techniques 

and discuss their strengths and limitations. As we examine these methods, there are three key 

points to consider.  

First, what types of lipid environments can the technique probe? Membrane proteins can 

be influenced by the lipid bilayer,74, 75 including properties like fluidity, curvature, and charge.76, 

77 Several techniques, including hydrodynamic methods, mass photometry, nuclear magnetic 

resonance (NMR), and native mass spectrometry (MS), generally require membrane proteins to be 
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extracted from their native lipid environment and solubilized in a membrane mimetic, such as 

detergent micelles.78, 79 Different membrane mimetics can cause varying types of interference, 

depending on the technique. Other techniques, including crosslinking and fluorescence methods, 

can be performed on proteins in diverse environments, including embedded in natural membranes. 

Second, how does each technique handle polydispersity? Some techniques, like native MS, 

mass photometry, and hydrodynamic methods are capable of characterizing polydisperse 

oligomeric state distributions. Other techniques, including NMR, crosslinking, and some 

fluorescence methods, generally give average oligomeric state values that will be less useful for 

polydisperse ensembles.  

Third, what is the size range for each technique? Some techniques, like native MS and 

fluorescence methods generally tolerate a wide range of analyte sizes, ranging from small peptides 

to large membrane protein complexes. Others, like mass photometry, hydrodynamic methods, and 

crosslinking, work better for larger proteins. Finally, NMR works best for smaller proteins and 

peptides and does not scale as well to larger complexes. Overall, no method is perfect, and each 

has tradeoffs between information content and sample tolerance. 

1.3.4 HYDRODYNAMIC METHODS 

Hydrodynamic methods like analytical ultracentrifugation (AUC) are well-established for 

determining the oligomeric state of soluble proteins.80 AUC can be a powerful technique because 

it can effectively characterize sample polydispersity and quantify the abundance of different 

oligomers. However, membrane mimetics like detergent micelles are required to solubilize 

membrane proteins, and they  can influence the size and buoyancy of membrane proteins, making 



28 
 

interpretation of AUC data more challenging.81 AUC can be especially challenging when the 

sample is polydisperse or the protein interactions are more dynamic.82 

With size exclusion chromatography coupled with multiangle light scattering (SEC-

MALS), the masses of proteins in solution can be measured through the intensity of the scattered 

light of a sample as it elutes from a SEC column, which also provides a retention time related to 

mass.83 Like AUC, the addition of the detergent micelle can significantly interfere with both 

retention time of a protein from the SEC column and the way that light will scatter around the 

sample in solution.84 Thus, the need for membrane mimetics can limit SEC-MALS for determining 

the oligomeric states of membrane proteins. Other hydrodynamic methods will face similar 

limitations as AUC and SEC-MALS, where the membrane mimetic can affect the signal. In these 

cases, it is challenging to study smaller analytes because they contribute less to the overall size of 

the complex relative to the mimetic.    

1.3.5 MASS PHOTOMETRY 

 Mass photometry (MP) is a relatively new technique to measure the masses of 

biomolecules in solution. MP uses light scattering to measure the masses and relative abundances 

of unlabeled proteins in solution.85 The major strength of MP is its ability to characterize 

polydisperse and heterogeneous samples with minimal sample consumption, broad tolerances for 

buffer conditions, and quick analysis.86 However, like AUC and SEC-MALS, membrane mimetics 

are required and can interfere with MP analysis and interpretation.  

For detergents, the strong background signal from empty micelles can overwhelm the 

signal from micelles with protein. To address this problem, researchers have diluted samples to 

below the detergent critical micelle concentration, which removes the interference. However, even 
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with these creative approaches and use of non-interfering membrane mimetics like SMALPs and 

nanodiscs, interpretation still remains challenging due to the mass of the membrane mimetic.87 

Also, although oligomeric changes that cause large changes in the mass of the complex can be 

easily measured, MP is limited for characterizing smaller proteins and peptides due to limits in 

resolution and interferences from the membrane mimetic. 

1.3.6 NMR 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for studying the 

structure and dynamics of small proteins in solution as well as membrane environments. The most 

widely used approaches rely on many short range inter-nuclear distance measurements 

supplemented with angular restraints to constrain the protein to its three-dimensional fold, in part 

by using restraints on the distances between pairs of nuclei in the protein. However, the lack of 

long range restraints means that NMR is generally less useful for describing protein-protein 

interactions, particularly in the cases of small proteins forming homo-oligomers.88 Relying on 

distance measurements alone is not straightforward in large part because it is challenging to assign 

restraint pairs of nuclei in the same or different polypeptide chains.89, 90  

This limitation of distance restraints can be largely overcome in solid-state NMR studies 

of proteins in lipid bilayers by employing Centerband-Only Detection Of  Exchange (CODEX), 

which is based upon anisotropic diffusion and using a label such as 13C or 19F.5, 91 However, 

CODEX is limited for polydisperse samples and larger protein complexes.92 Like other NMR 

techniques, it also needs high sample concentrations, which could drive proteins into non-

physiological complexes.93 The use of angular restraints of aligned bilayer samples94 can also 

provide complementary structural information. 
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1.3.7 CHEMICAL CROSSLINKING 

Chemical crosslinking followed by gel electrophoresis and/or mass spectrometry is another 

common technique for determining the oligomeric state of proteins.95 A major strength of 

crosslinking is that it can be applied while the protein is still embedded in a natural lipid bilayer 

by using membrane permeable crosslinkers.96 A challenge of cross-linking experiments is that it 

relies on have reactive amino acid residues in the correct locations for the cross linking reaction to 

occur. Smaller complexes might suffer from false negatives if the right residues are not available 

in the right places. Also, the addition of a crosslinker can also lead to structural distortion and 

oligomeric artifacts, especially if too much crosslinker is added or the reaction is allowed to 

proceed for too long.97, 98 Overall, the potentials for false positives and false negatives make it 

challenging to confidently determine oligomeric state distributions for polydisperse ensembles 

from crosslinking data alone.  

1.3.8 FLUORESCENCE METHODS 

Finally, fluorescence methods can inform on the oligomeric state of a membrane protein 

while in the lipid bilayer.99 FRET can be used to study dimerization by looking at distance between 

two labels, and fluorescence recovery after photobleaching (FRAP) provides an average diffusion 

constant of the protein in the lipid bilayer, which can inform on complex size. An advantage to 

FRAP is that it can be performed on proteins in living cells.100 Performing the experiment in living 

cells adds a dimension of real-time information that none of the other techniques can provide. 

However, there can be major challenges with FRAP in trying to determine the diffusion coefficient 

of particles in the membrane, which can lead to artifacts. FRAP is also limited in its ability to 

resolve polydisperse samples.101 
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1.4 NATIVE MASS SPECTROMETRY OF MEMBRANE PROTEINS 

Native, or nondenaturing mass spectrometry (MS) has emerged as a powerful technique 

for determining the oligomeric state of proteins.66, 102, 103 Native MS uses non-denaturing sample 

preparation and gentle ionization to preserve the native fold of proteins in the gas phase and retain 

protein-protein interactions. Native MS can enable the measurement of protein-protein, protein-

lipid, and protein-ligand interactions. Directly measuring the mass of the oligomeric complex 

usually provides a clear picture of the oligomeric states present and relative changes in the 

distribution.103, 104 However, precise quantitation of the oligomeric state distribution can be 

challenging due to differences in ionization, transmission, and detection efficiency between ions 

of very different m/z ratios.105, 106  

Native mass spectrometry has the ability to characterize low-abundance and polydisperse 

samples in ways that other more traditional structural biology techniques, such as X-ray 

crystallography and cryo-EM are limited.107 For example, native MS can identify a ligand bound 

that is only present on a small percentage of the proteins in a sample. Many other techniques would 

not be able to capture this small portion of the sample population. Beyond just identifying the 

presence of this ligand, if the protein is made up of multiple subunits, using an activation technique, 

such as collision induced dissociation (CID) or surface induced dissociation (SID), native MS can 

be used to identify which subunit this ligand specifically binds to.108 Additionally, the use of gas-

phase activation techniques can be an essential tool for determining protein stoichiometry and 

oligomerization.109 Thus, native MS is an invaluable technique in the toolbox of structural biology. 
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Beyond just information on the m/z of biomolecules, recent advancements in ion mobility 

(IM) when used in combination with native MS can provide details on the collision cross-section 

(CCS) of the analyte as well.110 This complementary technique adds an entirely new dimension to 

the types of structural information that can be gained with native MS, by providing insights on the 

conformation and folding of the analyte as well. For example, native MS can inform whether the 

addition of a drug or ligand influences the conformation of a protein. Understanding the dynamics 

of ligand binding can provide insights on the mechanisms of action of the protein. 

1.4.1 NATIVE MASS SPECTROMETRY OF MEMBRANE PROTEINS 

Native MS also enables the analysis of membrane proteins in a variety of membrane 

mimetic environments. The original and most commonly used membrane mimetic for native MS 

 

Figure 1-10: Schematic illustrating native mass spectrometry of a membrane protein 
embedded in a detergent micelle. The schematic shows the removal of detergent molecules 
from the surface of the analyte as the activation energy is increased inside the mass 
spectrometer. Adapted from Keener, et al. Anal Chem. 2021, 93 (10), 583-597.   
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is detergent micelles.111  When performing native MS of proteins solubilized in detergent, the 

entire protein-micelle complex is ionized and enters the mass spectrometer. Energy is then applied 

inside the mass spectrometer and labile detergent molecules are removed from the surface of the 

protein, as shown in Figure 1-10.66 The removal of these detergent molecules presents the bare 

protein complex for mass analysis, which can then be easily interpreted like soluble proteins. 

The detergent conditions selected must be carefully considered for native MS of membrane 

proteins. For example, one common mistake when doing native MS of membrane proteins is that 

too high of a detergent concentration is used. High detergent concentrations can be problematic 

for several reasons. First is that too high of a detergent concentration can be destabilizing, even for 

membrane proteins. Another reason is that if the concentration of detergent micelles is too high, it 

can make it challenging to resolve the signal for the membrane protein above the signal for the 

ionized micelle.112 Conversely, problems can also arise when too low of a detergent concentration 

is used, leading to non-specific association and aggregation. Typically, a detergent concentration 

of double the critical micelle concentration (CMC) is appropriate for native MS.112  

Another important consideration for native MS of membrane proteins is the detergent type 

selected for analysis. Not all detergents are amenable for native MS, primarily because they create 

too strong of a micelle around the protein. This makes it challenging to use gas-phase activation 

techniques to remove the detergent molecules from the surface of the protein for analysis. The first 

experiments of native MS of membrane proteins typically used saccharide-based detergents, such 

as n-dodecyl-β-D-maltopyranoside (DDM) and n-octyl-β-D-glucopyranoside (OG). These were a 

logical first choice in detergent as this class of detergent is commonly employed in protein 

purification strategies and in structural biology studies of membrane proteins.113 However, these 
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saccharide detergents are prone to excessive adduction to the surface of the analyte in the gas 

phase.  

Later studies of membrane proteins with native MS employed more charge reducing detergent 

molecules, such as tetraethylene glycol monooctyl ether (C8E4), lauryldimethylamine-N-oxide 

(LDAO), and Triton X-100.113-115 These newer detergents were typically more easily removed 

from the surface of the protein in the gas phase and allowed for better preservation of intact 

membrane protein complexes.113 However, the type of detergent selected can have a significant 

effect on the structure and behavior of a membrane protein. I will discuss more on the influence of 

detergents on protein oligomerization in Chapters 4 and 5. 

 Native MS requires less sample than many traditional structural biology techniques, helping 

to overcome some of the challenges associated with the low yields of membrane proteins.116 Native 

mass spectrometry can also provide rich information on ligand and lipid binding interactions to 

membrane proteins.117 Better understanding lipid binding is significant because it is known that 

lipids play a fundamental role in the structure and function of membrane proteins, but it can be 

challenging to characterize these polydisperse and dynamic interactions.67 Additionally, native MS 

allows for membrane proteins to embedded in a wide range of membrane mimetics, ranging from 

detergent micelles to lipoprotein nanodiscs, allowing the protein to be analyzed in a variety of local 

environments.  

Unlike methods above, native MS uniquely allows detergents to be removed from the 

membrane protein complex while still preserving the oligomeric assembly for analysis. This 

technique is broadly applicable to complexes ranging from small membrane proteins/peptides118 

to large membrane protein assemblies.119 However, detergent are not ideal for membrane sensitive 
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or highly fragile complexes.120 As reviewed by Keener et al.,66 there have been a number of other 

membrane mimetics that have been employed for native MS, including SMALPs,121 liposomes,122 

and nanodiscs.123 I will discuss in detail the application of nanodiscs for determining the 

oligomeric state of membrane proteins with native MS in Chapter 2. 

1.4.2 CHARGE MANIPULATION 

Charge reducing agents can be a valuable tool for native MS because they reduce charge from 

the surface of the analyte, which reduces electrostatic repulsions and allows for the retention of 

labile interactions.124 The reduction of electrostatic forces allows for the analysis of fragile 

complexes with native MS that otherwise could not be captured. Native MS ionizes samples for 

analysis by typically using nano-electrospray ionization (nano-ESI). During ESI, a potential 

difference is applied between the ESI needle and the entrance of the mass spectrometer, leading to 

the formation of charged droplets at the tip of the needle. These charged droplets then fission off 

from the tip of the needle and further break down into smaller droplets, until the buffer has 

evaporated off the of the analyte, leaving just the charge on the surface of the analyte.125 The charge 

left on the surface of the analyte can be manipulated using either charge reducing or supercharging 

reagents.126  

Conversely, super charge reagent impart additional charge to the surface of the analyte.127 

Increasing the charge of the analyte can be valuable because it can reduce the m/z requirements of 

the mass analyzer. These supercharging reagents can also promote additional dissociation 

pathways of analytes inside the mass spectrometer.128 Charge manipulation during ESI can provide 

rich information about the analyte that could not be obtained through ESI alone. I will discuss 

more on charge manipulation during native MS in Chapter 3.    
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1.5 DISSERTATION OVERVIEW 

Viroporins are an attractive target for the development of potential therapeutic compounds. 

However, they are an underexplored area of research, primarily due to the analytical challenges 

associated with studying viroporins. Some of the biggest analytical challenges associated with 

studying viroporins is that they are very polydisperse and highly influenced by their local chemical 

environment. Two of the key unanswered questions related to viroporins currently are: 

• What oligomers do viroporins form?  

• How is oligomerization influenced by the local chemical environment?  

Knowing the oligomeric state of viroporins is important because it is key to have a sense of the 

architecture of these channels in the development of potential therapeutic compounds. 

To answer these questions, this dissertation details the development of methods for better 

understanding the oligomerization of viroporins in a range of chemical environments. In chapter 

2, we will outline protocols for mass defect analysis applied to nanodiscs with native MS. I will 

describe the wide range of behaviors that we have observed of biomolecules (including membrane 

proteins, peptides, and amyloid proteins) oligomerizing in different lipid nanodiscs. I will also 

provide details on what we have learned from mass defect analysis, how to perform mass defect 

analysis, and how to troubleshoot some of the most seen issues and ambiguities with mass defect 

analysis.  

Then, in chapter 3, we will explore different charge reducing agents for native MS. Charge 

reducing agents are valuable for native MS because of their ability to preserve fragile complexes 

in the gas phase, such as some viroporin oligomers. In this chapter, I performed a systematic study 

of imidazole derivatives that we found to not only be more charge reducing and stabilizing than 
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many of the existing charge reducing agents, but that these charge reducing agents were also 

amenable for a wide range of analytes, including soluble proteins, membrane proteins, and 

nanodiscs containing peptides. Additionally, in this chapter I also explored some of the chemical 

principles governing charge reduction during electrospray ionization, providing a basis for the 

development of even more effective charge reducing agents in the future.  

In chapter 4, I describe performing native MS on viroporin M2 to study how changes in 

the local chemical environment affect its oligomerization. There are currently dozens of 

experimentally solved structures of M2 in the PDB, and M2 is the best characterized viroporin to 

date. All these structures suggest that M2 forms a tetrameric complex. However, we performed 

native MS on M2 in a wide range of chemical environments, including varied detergents, solution 

pH, and lipids, and did not find the M2 forms exclusively a tetrameric complex. Instead, we found 

the M2 forms a variety of oligomers that seem to be highly dependent on its local environment, 

which raised the question for us of whether viroporins as an entire protein class may potentially 

be more polydisperse than previously thought. 

 Building upon this initial viroporin work, in chapter 5, we went on to characterize less 

studied viroporins with native MS. We first investigated Vpu (from HIV). Vpu assembled into a 

range of oligomers and was dependent on its local environment, similar to what we saw with M2. 

Next, we characterized the E protein (from SARS-CoV-2) and found that it assembled into dimeric 

complexes and did not appear to be greatly influenced on the local environment. Finally, we 

explored the oligomerization of VP4, a potential viroporin from Polio. VP4, unlike any of the other 

viroporins previously explored, appeared to be monomeric. This suggested that the behavior of 

VP4 may be more complex than previously thought and may need a posttranslational modification 

or another protein to facilitate its channel formation. 
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Overall, this thesis contains the optimized methods of creating viroporins and 

characterizing their polydispersity in a range of chemical environments with native MS. These 

methods will provide an understanding of how viroporins self-assemble and are affected by 

different environments. Characterizing the oligomeric state and how this oligomerization is 

influenced by the local chemical environment will hopefully enable the development of improved 

therapeutics for viruses in the future.     
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CHAPTER 2 USING MASS DEFECTS TO STUDY 
OLIGOMERIZATION OF MEMBRANE PROTEINS AND 
PEPTIDES IN NANODISCS WITH NATIVE MASS 
SPECTROMETRY  

2.1 INTRODUCTION: OLIGOMERIZATION OF MEMBRANE 

PROTEINS AND PEPTIDES 

Between 30–50% of proteins are thought to form oligomers.129 Some membrane proteins, 

such as the ATP-binding cassette transporter, TmrAB, form monodisperse and static 

complexes.130, 131 Other proteins, such as the receptor tyrosine kinase family, have more dynamic 

interactions.132-135 In a number of cases, their oligomerization is not well understood, such as with 

GPCRs.136-138 Understanding this fundamental aspect of protein quaternary structure is important 

because the oligomeric state can have a significant effect on the activity of the protein.139 For 

example, oligomerization of membrane proteins can affect crucial cellular functions, such as 

apoptosis, tumor formation, and signal transduction.140 Similarly, membrane active peptides can 

oligomerize in bilayers, and complex formation can be critical to their antimicrobial properties.141 

However, direct measuring the oligomeric state of membrane proteins poses a variety of analytical 

challenges.142 

Here, we will review our recent work studying the oligomerization of membrane proteins 

and peptides in lipid nanodiscs using native mass spectrometry (MS). We detail the data analysis 

methods, limitations of the technique, and strategies used to overcome these limitations. Finally, 

we will review the unique biophysical insights gained by applying these techniques to study 

viroporins, antimicrobial peptides, and amyloid proteins.  
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2.1.1 NANODISC NATIVE MS 

Nanodiscs are a promising platform for the analysis of membrane proteins.70 Nanodiscs are 

typically 10–13 nm bilayers, however they can be as small as 6 nm143 and as large and 90 nm.144 

These bilayers are surrounded by a membrane scaffold protein (MSP) belt (Figure 2-1A). The lipid 

composition and size of nanodiscs can both be tuned to suit the needs of the analyte.70, 71 Nanodiscs 

enable membrane proteins to be embedded in a soluble lipid bilayer.145 Prior studies have 

suggested that embedding membrane proteins in nanodiscs can be more effective at preserving 

membrane protein activity than detergent micelles, likely because the nanodisc bilayer more 

closely mimics the natural lipid bilayer.71, 146, 147 

 

Figure 2-2: Schematic illustrating the experimental workflow for determining the number of 
peptides associated with a DMPC nanodisc. Gramicidin A (illustrated as green alpha helix) 
was directly added to nanodiscs (A) prior to electrospray ionization (B) for native mass 
spectrometry (C). The data was then deconvolved (D), and nanodiscs that contain only 
DMPC and MSPs are shown in grey. Nanodiscs that have two gramicidin peptides added are 
in green. Mass defects were calculated and are shown as a function of the overall mass of the 
nanodisc with specific signals labelled (E). The relative intensities of each species can be 
determined by summing the intensities of mass defects across all mass values (F). 
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Over the last decade, we have worked to combine the emerging technologies of native MS 

and nanodiscs to enable the direct, label free measurement of the stoichiometry of membrane 

proteins in an intact lipid bilayer. The earliest reports of coupling native MS and nanodiscs was in 

2014 by Marty et al.148 These experiments included characterizing DMPC nanodiscs with native 

MS and describing how to analyze the data and quantify the loss of lipids from the nanodisc in the 

gas-phase. Since then, this work has been built upon to use native MS to characterize much more 

complex lipid mixtures in nanodiscs,149, 150 intact membrane protein-nanodisc complexes,151 to 

determine the stoichiometries and lipid specificities of antimicrobial peptides,152-154 and to 

elucidate the oligomerization patterns of viroporins.155 The unique combination of native MS and 

nanodiscs has emerged as a valuable blend of tools for better understanding the biochemistry of 

membrane systems. 

Native MS is gentle enough to preserve the noncovalent interactions of the entire 

membrane protein-nanodisc complex for mass analysis (Figure 2-1B),123, 156, 157 which yields 

complex mass spectra of the intact nanodisc (Figure 2-1C). This raw data can then be 

deconvolved158 to combine the multiple charge states in the m/z spectrum into a summed mass 

distribution (Figure 1D).  

Nanodiscs have a series of masses due to the intrinsic heterogeneity in number of lipids per 

particle. For example, MSP1D1(-) nanodiscs typically contain between 140–160 1,2-dimyristoyl-

sn-glycero-3-phosphotidylcholine (DMPC) lipids, as shown in Figure 1D.145, 159 Because there is 

a polydisperse and variable number of lipids per nanodisc, it can be challenging to determine the 

stoichiometry of complexes embedded within the nanodisc, especially for small proteins or 
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peptides. If we assume that the number of lipids remains constant, it is sometimes possible to infer 

binding stoichiometry from global shifts in the mass, such as seeing a 12 kDa shift in mass caused 

by binding of three 4 kDa peptides.160 However, membrane proteins/peptides often displace lipids 

upon incorporation in the nanodiscs, leading to either no global shift in mass or an uncertain 

number of lipids in the nanodisc.  

 To overcome this challenge, we developed the use macromolecular mass defect analysis 

to measure small shifts in mass caused by addition of proteins or peptides to the complex.161, 162 

These small shifts are independent of the total number of lipids and thus are more informative than 

the global mass. Here, we will present a detailed walkthrough to cover what mass defect analysis 

is, how mass defect analysis is performed, what it can teach us, and what we have learned from it.  

2.2 MACROMOLECULAR MASS DEFECT ANALYSIS 

2.2.1 WHAT IS MASS DEFECT ANALYSIS? 

 Mass defect analysis aids in the visualization of complex mass spectra, especially when 

there are regular patterns of mass differences separating the peaks.163 Our implementation of 

macromolecular mass defect analysis is analogous to Kendrick mass defect analysis, which is 

typically used in hydrocarbon analysis.164 Mixtures of hydrocarbons often have species within the 

same class of molecules (such as fatty acids) that differ only in length of the chain. To help cluster 

classes, classic Kendrick analysis plots the mass of each hydrocarbon species relative to a repeating 

methylene (CH2) unit.165, 166 Thus, compounds that differ by any number of additional CH2 units 

but are otherwise identical, cluster together.  

The Kendrick mass defect is calculated by dividing the measured mass by the reference 

mass, classically the mass of methylene, and taking only the remainder. This remainder is the mass 
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defect value, and it can be normalized between 0 and 1 or converted back into absolute mass by 

multiplying by the reference mass.153, 157, 162, 164 Species that have exactly one additional methylene 

will have different integer quotients but the same remainder (mass defect). Kendrick analysis is 

usually visualized in two dimensions, and plots typically show the mass defect as the y-axis and 

the x-axis as either the integer quotient (the Kendrick mass number), the exact measured mass, or 

the Kendrick mass, which is a slightly corrected mass value. Although originally used in 

hydrocarbon analysis, Kendrick mass defect plots are also useful in clustering lipid species, and 

mass defect analysis in general has diverse applications in data interpretation.167-169 

Macromolecular mass defect is analogous to Kendrick mass defect, but it uses a molecule rather 

than methylene as the reference mass. 

2.2.2 MASS DEFECT ANALYSIS WITH NANODISCS 

To illustrate how macromolecular mass defect is performed and interpreted for nanodiscs, 

we will walk thorough an example of applying macromolecular mass defect analysis to determine 

the number of gramicidin A peptides embedded within an intact nanodisc (Figure 2-1).162, 170 We 

use the mass of the lipid in the nanodisc as the repeating unit reference mass. 

When examining an intact nanodisc by native MS, we can generally assume that all 

nanodiscs contain two MSP belts, except in strange and undesirable cases.149 For example, 

consider nanodiscs made up of DMPC lipids and two MSP1D1(-) belts. The mass defect value of 

the two MSP is determined by adding the mass of the two belts together (2 × 22,044 = 44,088 Da) 

and dividing it by the reference mass of DMPC (678 Da). This division yields: 44,088 Da /678 Da 

= 65.03. Removing the integer component of 65 gives us the normalized mass defect value of 0.03. 
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Comparing this predicted mass defect value with the measured mass defect value (Figure 2-1E) 

confirms the number of MSP belts on the nanodisc.161  

The mass defect can be expressed as unitless parameter (normalized to between 0 and 1), 

or it can be converted back into Da by multiplying by the reference mass (0.03 * 678 Da = 20 

Da).162 This conversion tells us that nanodiscs with 2 MSP1D1(-) belts are 20 Da heavier than the 

nearest multiple of the DMPC lipid mass, which would be 65 * 678 Da = 44070 Da, with slight 

errors from rounding. Here, we will primarily discuss normalized mass defects for simplicity. 

Importantly, each additional lipid changes only the integer and not the remainder of the 

division, so the mass defect is independent of the number of lipids in the nanodisc and informs 

exclusively on the number of proteins/peptides incorporated into the nanodisc.123  Any lipids added 

to the 2 MSP belts to form a nanodisc will not shift the mass defect. For example, if one lipid is 

added, the mass will be 44,088 + 678 = 44,766 Da. Dividing by the reference mass yields: 44,766 

/ 678 = 66.03. Adding a lipid increases the integer component of the division (from 65 to 66), but 

the mass defect (0.03) remains unchanged. This principle holds for 10, 100, or 1000 bound lipids, 

which would change the integer to 75, 165, and 1065, respectively, but would not change the mass 

defect, 0.03. 

2.2.3 CALCULATING MASS DEFECTS FROM NATIVE MASS SPECTRA 

The discussion above has focused on predicting mass defect values from known masses. 

When applied to measured data, the same process for calculating mass defect is repeated for each 

deconvolved mass data point. Thus, we supplement our data of mass and intensity with a third 

column of mass defect. There are two typical ways that the data for macromolecular mass defect 

analysis can be presented, as 1D and 2D plots.  With the 2D plots (Figure 2-1E), the data is plotted 
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as the mass defect value (y-axis) versus the overall mass of the entire complex (x-axis). The 2D 

plots have the relative intensity of each species displayed in color as a heat map (z-axis).  

With the 1D plots (Figure 2-1F), the mass defect value is plotted against the relative 

summed intensity from all mass data points, summing across the x-axis of the 2D plots. Ideally, 

each peak in the plots corresponds to a different number of oligomers associated with the nanodisc. 

The 1D plots more clearly reveal the global distributions of different oligomeric states, but the 2D 

plots preserve useful information on absolute mass that can be useful for assignments and 

observing shifts in the mass (discussed below). The intensities of the peaks can be extracted from 

the 1D and 2D plots and averaged over replicates. These average intensities can then be plotted in 

a grid or bar chart for different oligomeric states and under different conditions to gain insight on 

trends and specificities across species and lipid types (see below). 

The approach described above relies on first deconvolving the data from m/z into mass. 

However, it is possible to use the phase information in a Fourier transformed m/z spectrum to 

reconstruct a macromolecular mass defect trace.164 Although it is only currently possible to get 

phase information from the entire spectrum to assemble a 1D plot, it may be possible to create 

similar 2D plots with a Gabor transform.171 Excitingly, there is excellent agreement between mass 

defect profiles measured with direct Fourier methods and with deconvolved data.164 

2.2.4 MEASURING ASSOCIATION OF BIOMOLECULES TO NANODISCS 

Because the lipids do not affect the mass defect, the mass defect value reflects the mass of 

the non-lipid species incorporated into the nanodisc. Thus, after we know the mass defect shift 

caused by the MSP belts, we can examine additional shifts to measure association of other 

biomolecules. For example, by adding antimicrobial peptides (AMPs) to nanodiscs, we can 
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measure the stoichiometries of peptides associating with nanodiscs using mass defect analysis 

(Figure 2-1).152-154 After the raw mass spectra are deconvolved, the normalized mass defect values 

are compared to predicted values to reveal the different stoichiometries associated with the 

nanodisc (Figure 2-1E and F).  

For example, based on the mass of gramicidin A (GA, 1882.3 Da), we can calculate the 

mass defect value for each possible stoichiometry in the nanodisc (shown in Table 1). Because all 

nanodiscs have two MSP belts, we calculate the predicted mass defect by adding the mass of GA 

to the mass of the two MSP belts and 

dividing it by the lipid mass. For 

example, a DMPC nanodisc containing 

4 GA peptides would be determined by: 

(44,088 + (1882.3 × 4)) / 678 = 76.13. 

The mass defect value is the remainder 

value of this division, so the mass defect 

value for 4 GA peptides in a DMPC 

nanodisc would be 0.13, as shown in 

Table 2-1.  

Mass defects for oligomeric 

complexes can also be calculated by 

combing individual mass defects with a 

form of modular arithmetic. Addition 

and multiplication of mass defects 

follow standard arithmetic except that 

Table 2-1: The expected mass defect values for 
gramicidin A in nanodiscs with MSP1D1(-) belts 
comprised of DMPG and DMPC lipids.  

Stoichiometry DMPG (667 
Da) 

DMPC (678 
Da) 

0 0.09 0.03 

1 0.92 0.80 

2 0.74 0.58 

3 0.57 0.36 

4 0.39 0.13 

5 0.21 0.91 

6 0.03 0.68 

7 0.85 0.46 

8 0.68 0.24 

9 0.50 0.01 

10 0.32 0.79 
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the integer part is subtracted (or added, as shown in the next paragraph) to normalize the mass 

defect between 0 and 1. Thus, mass defect arithmetic will “wrap around” to stay within the 0 to 1 

window. For example, gramicidin A has a mass defect of 0.78 (1882.3 / 678 = 2.78 = 0.78) in 

DMPC. As shown above, 2×MSP1D1(-) has a mass defect of 0.03. Thus, a GA monomer in 

nanodiscs will be 0.03 + 0.78 = 0.81. Two GA in nanodiscs will be 0.03 + 2 × 0.78 = 1.59, but the 

integer is dropped to yield simply 0.59. Adding another GA monomer to calculate three GA in 

nanodiscs will yield 0.59 + 0.78 = 1.37, which wraps around again to yield 0.37. Numbers are only 

slightly different from Table 2-1 due to rounding.  

We can use this modular wrapping for convenience in calculations. For example, we could 

view a mass defect of 0.78 as equivalent to –1 + 0.78 = –0.22, wrapping it down to a window of –

1 to 0. Here, two GA in nanodiscs would be calculated by taking the mass defect of the monomer 

and subtracting 0.22: 0.81 – 0.22 = 0.59. For any negative values calculated this way, we simply 

need to add enough integers to get the value within 0 to 1. For example, monomeric GA in 

nanodiscs could be calculated by 0.03 – 0.22 = –0.19 + 1 = 0.81. In fact, we can choose any 

convenient window for normalized mass defects, provided it has a width of 1. It is sometimes 

useful to wrap to a window of –0.5 to 0.5. Thus, mass defects can be combined in useful and 

predictable ways. 

We can compare these predicted mass defect values of each stoichiometry to measured 

shifts in the mass defect plots to determine the number of proteins or peptides associated with the 

nanodisc. In Figure 1, clear signals are observed for 0 GA (mass defect of 0.03) and 2 GA (mass 

defect of 0.58) per nanodisc. It is not uncommon that measured mass defect values will be slightly 

higher than predicted due to adduction or incomplete desolvation. 
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The distributions of stoichiometries provide important information on the oligomeric 

specificities of membrane proteins/peptides. As shown in Figure 1, there is a clear signal for 0 and 

2 GA per nanodisc, but not for 1 and 3. If GA incorporated as only monomers or nonspecific 

complexes, it should show a roughly Poisson distribution of stoichiometries. Because only even 

stoichiometries are observed, this peptide incorporates preferentially in units of 2. However, the 

distribution of dimers is roughly Poisson, which 

indicates that specific higher order tetramer or 

hexamer complexes are not preferred under these 

conditions.153 Instead, these nanodiscs likely 

accommodate multiple dimers that lack specific 

inter-dimer interactions. Examining the 

distributions of different species present with mass 

defect analysis can thus reveal specific complex 

formation, as described with examples below. 

2.3 AMBIGUITIES AND WORK 
AROUNDS 

 Although macromolecular mass defect 

analysis can be a powerful technique for 

determining the oligomeric states of membrane 

proteins and peptides in nanodiscs, it also has 

limitations. The primary limitation is that some 

combinations of protein/peptide mass and lipid 

reference mass yield mass defect values of 

 

Figure 2-2: Mass defect heatmaps of 
daptomycin incorporated into DPPC 
nanodiscs (A, C) and POPC nanodiscs (B, 
D) at ratios of 3 daptomycin per nanodisc 
(A, B) and 9 daptomycin per nanodisc (C, 
D). The possible stoichiometries based on 
the mass defect values are annotated in 
dashed gray lines, and the assigned 
stoichiometries are circled in black on 
each heatmap (A-D). Panel E illustrates 
the possible incorporation of daptomycin 
into nanodiscs.  
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different oligomers that are very similar, making it challenging to assign the stoichiometry. In the 

most extreme case, where the mass defect of the monomer is exactly 0, the protein/peptide mass 

is equal to an integer number of lipids. Thus, each oligomer would be indistinguishable from lipids 

or from one another, making it impossible to assign a given peak to stoichiometries from mass 

defect alone. Anytime when mass defects are close to 0, ambiguous overlaps will occur. 

 In a less extreme case, when daptomycin, a cyclic lipopeptide antibiotic,172, 173 is added to 

nanodiscs made up of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipids, there is near 

overlap of several stoichiometries, including the mass defects for 0 and 5, 1 and 6, 2 and 7, and 3 

and 8 (shown in gray dashed lines in Figure 2-2A and 2-2C). This near overlap makes it 

challenging to confidently assign the stoichiometry of the peptide inside the nanodisc from a single 

spectrum.  

For example, the mass defect for a DPPC nanodisc with one daptomycin incorporated is 

determined by the remainder after dividing the mass of the two MSP belts plus the one daptomycin 

(1,619.7 Da) by the reference mass, or (44,088 Da + 1,619.7 Da)/734 Da = 62.27. The mass defect 

value of 0.27 is similar to the mass defect value for six daptomycin incorporated into the same 

nanodisc, which is (44,088 + 1619.7*6)/734 = 73.30 or 0.30. This difference in mass defect of 

0.03 corresponds to an absolute mass difference of 22 Da, which is not possible to resolve with 

assemblies this large and complex.  

To reframe these calculations, the mass defect daptomycin alone (no MSP belts) is 

1,619.7/734 = 0.207. A stoichiometry of 5 daptomycin molecules will have a mass defect of 5 × 

0.207 = 0.03. Thus, any stoichiometries that differ by 5 are only 0.03 apart in mass defect, which 
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is impossible to distinguish in practice. In general, combinations of protein/peptide and reference 

masses that yield mass defects close to simple fractions (1/2, 2/3, 1/4, etc.) will be prone to overlap.  

Due to these ambiguities in assignment, we cannot tell from this spectrum alone whether 

the distribution in Figure 2C should be assigned as sets of [0, 1, 2, 3], [5, 6, 7, 8], or some mixture 

of these assignment sets. However, several strategies can be used to help disambiguate these 

assignments.  

2.3.1 STRATEGIES FOR DISAMBIGUATING MASS DEFECT ASSIGNMENTS 

Strategy 1: Leverage Statistics. The first strategy for disambiguation is to carefully examine 

the statistical distribution. If we can make assumptions about the distribution, like assuming a 

Poisson distribution, we can exclude assignments that do not fit the distribution. For example, in 

Figure 2-2A, the distribution fits a roughly Poisson distribution for [0, 1, 2, 3]. However, a 

distribution of [5, 6, 7, 8] is lacking key intensity for 4 that would be expected. Thus, we can infer 

that [0, 1, 2, 3] is the more likely assignment set. However, not all systems show obvious statistical 

distributions, as described below. Thus, this strategy relies on our ability to make assumptions 

about the statistical distribution, which often requires comparison of multiple spectra.  

Strategy 2: Compare Spectra Across Different Conditions. Another useful strategy for 

disambiguation is to look at sets of spectra rather than an individual spectrum. For example, we 

can assume that distributions will shift to higher stoichiometries at higher concentrations of added 

peptide/protein. We can thus rule out any distributions that do not fit logically. For example, if we 

assign the 9:1 ratio of peptide:nanodisc in Figure 2C as [1, 2, 3, 4, 5], the more dilute peptides in 

Figure 2-2A at the 3:1 ratio are more likely to be [0, 1, 2, 3] than [5, 6, 7, 8]. We can also rule out 

stoichiometries that do not make sense considering the global ratios. For example, a larger set of 
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[10, 11, 12, 13] would have similar mass defect values to [0, 1, 2, 3], but it is impossible to have 

this larger set of stoichiometries if the global ratio is only 3:1 peptide:nanodisc.  

Similarly, we have previously used collisional activation inside the mass spectrometer as a 

way to help disambiguate spectra.153, 174 Collisional activation is a technique where voltages are 

increased inside the mass spectrometer to increase the speed that the analyte collides with inert gas 

molecules inside the instrument. Collisional activation can eject molecules from the nanodiscs.157, 

175 With peptide nanodiscs, we can perform collisional activation to eject some of the peptides 

from the nanodisc. Shifting the distribution down to lower stoichiometries with ejection has similar 

value as shifting the distribution up by adding more peptide. Because Poisson distributions will 

distort as they approach zero (described in Strategy 1), activation can help determine the 

stoichiometry of peptides in the nanodisc by breaking the symmetry of the distribution. However, 

not all systems eject efficiently and predictably with collisional activation. For example, many 

membrane proteins break off the MSP belt rather than eject protein subunits.161  

Strategy 3: Look for Spectral Shifts. If we see clear shifts in the absolute mass of the 

nanodisc, we can use these to aid in disambiguation. For example, in Figure 2-2A and 2-2C, we 

can see that each additional daptomycin molecule shifts the mass slightly higher. Thus, in Figure 

2-2C, the 0 and 5 state could each be populated based on the distribution (Strategy 1) and on 

comparisons with a broader data set (Strategy 2), but the slight increase in mass over the 

neighboring state with 1 incorporated suggest that 5 is more likely.  

However, not all peptides show a clear mass shift upon incorporation. Many, like α-syn 

shown below in Figure 2-5C, do not shift the overall mass of the nanodisc upon incorporation, 
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likely because the same mass of lipids is displaced upon addition of the protein/peptide mass to 

the bilayer.176   

Strategy 4: Change the Reference Mass.  Similar to Strategy 2, a different lipid with a 

different reference mass can be used to disambiguate assignments.153, 162 As shown in Figure 2-2B 

and 2-2D, using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids in the nanodisc 

shifts the possible mass defect values so that they are no longer ambiguous. For example, with one 

daptomycin incorporated into a POPC nanodisc, the mass defect value is 0.41, which is determined 

by (44,088 Da+1619.7 Da)/760.1 Da = 60.13 for a mass defect of 0.13. This value is now 

considerably different from the mass defect value for six daptomycin incorporated into a DMPC 

nanodisc, which is 0.78. The use of different lipids can be a powerful tool for disambiguating the 

assignments for mass defect analysis.  

One major challenge associated with using different lipids to aid in the assignment of mass 

defect values is that this strategy relies on the protein behaving identically in both lipid conditions. 

This assumption can pose issues as some proteins will take on markedly different oligomeric states 

in different lipid environments, as shown in Figure 2-3 and Figure 2-4.152-155  

Strategy 5: Change the Protein/Peptide. If changing the lipid reference changes the 

oligomeric state distribution, the mass of the protein or peptide be changed instead. It is important 

that these changes result in mass shifts great enough to alter the mass defect values without 

perturbing the natural oligomeric state of the protein. This could be done by creating proteins that 

are labeled with stable isotopes, such as 15N.177 Another way that the mass of the protein could be 

slightly shifted is through the addition of one or two amino acids to the protein through genetic 
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engineering in sites that do not affect the structure or function.161 Both methods are useful for 

disambiguating the oligomeric states of proteins with mass defect analysis. 

2.3.2 ADDITIONAL CHALLENGES AND CONSIDERATIONS 

Another limitation of mass defect analysis is that it provides little structural information on 

the proteins inside of the nanodisc. Mass defect analysis can only inform on the number of proteins 

or peptide incorporated into the bilayer, not the orientation of these molecules (Figure 2-2E). 

However, mass defect analysis can be done alongside other experiments that can provide structural 

information on the oligomeric state and the solvent exposed regions of the protein, such as 

hydrogen-deuterium exchange MS or fast photochemical oxidation of protein (FPOP).178, 179 The 

combination of mass defect analysis with footprinting can provide a depth of information on the 

structure, lipid specificities, and protein-protein interactions of membrane proteins.180 

Another challenge in macromolecular mass defect analysis is that the mass spectra for this 

data can sometimes be noisy and challenging to resolve. It is important with mass defect analysis 

of nanodiscs that all components of the nanodisc are free of impurities and adductions. We have 

found that common sources of impurities are the lipids used or the membrane protein embedded 

within the nanodisc. These impurities can be identified more easily if there is upstream 

characterization of these materials prior to nanodisc assembly. We typically characterize 

membrane proteins with native MS in detergent prior to nanodisc assembly to confirm the purity 

and mass. We also create control nanodiscs with no membrane protein embedded to ensure that 

there are not any contaminants present in the lipids that could interfere with the mass defect 

analysis. For example, with pIAPP, a low-level contaminant was present in all samples that was 

disregarded due to its presence in the control.181  
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 Another challenge with mass defect analysis can be the loss of labile interactions. Although 

native mass spectrometry is gentle enough to preserve noncovalent interactions, fragile 

interactions are sometimes disrupted inside the instrument. These energy necessary for these 

disruptions can vary based upon the analyte. These disruptions can also affect mass defect analysis 

results. For example, daptomycin showed lower incorporation in 1,2-dimyristoyl-sn-glycero-3-

phosphoglycerol (DMPG) lipid bilayers by native MS and mass defect analysis, but FPOP analysis 

clearly showed similar membrane association to DMPC. Our interpretation was that the 

interactions are relatively weak and do not survive native MS analysis.180 Fragile interactions can 

be better preserved for native MS by using low concentrations of charge manipulation reagents. 

Previous work has revealed that charge reducing agents, such as imidazole, triethylammonium 

acetate, and trimethyl amine oxide, can be useful for preserving noncovalent interactions inside 

the mass spectrometer.153, 182-184  

 

Figure 2-3: The abundances (shown by color density) of different stoichiometries of different 
peptides and proteins incorporated into nanodiscs made of PC (blue) and PG lipids (green), 
characterized with native mass spectrometry of peptide or protein-nanodisc complexes. The 
abundances of the proteins and peptides were obtained by averaging the extracting the 
normalized mass defect values for each stoichiometry. All molecules (except proteins AqpZ, 
AmtB, and AM2) were added at a ratio of 9:1 peptide to nanodisc.  
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2.4 APPLICATIONS OF MASS DEFECT ANALYSIS WITH NANODISCS 

 Over the last several years, macromolecular mass defect analysis has been used to 

characterize both the oligomeric and lipid specificities of a variety of biomolecules, including 

AMPs, amyloid proteins, viroporins, and larger membrane protein complexes. Lipid specificity 

can be determined by comparing the association of proteins/peptides into nanodiscs containing 

different lipids. Either the total levels of association154, 180 or the specific distributions152 can be 

 

Figure 2-4: Schematic illustrating the variations in stoichiometry and lipid specificities of 
biomolecules characterized through mass defect analysis (A). Parts B, C, D, and E highlight 
some examples of different biomolecules shown. (B) AM2, a viroporin, showed high levels 
of oligomeric specificity in some lipids and little specificity in other lipid conditions. (C) LL-
37, an AMP, only incorporated in phosphatidylglycerol (PG) nanodiscs and appeared to have 
some oligomeric specificity. (D) Melittin, another AMP, had no oligomeric specificity but 
incorporated into PG lipids at higher levels than phosphatidylcholine (PC) lipids. (E) AqpZ, a 
tetrameric membrane protein, had high oligomeric specificity but no lipid preferences. 
Superscripts next to protein/peptide name indicate reference number. 
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compared to explore how lipid head groups and tails affect protein/peptide association with the 

nanodisc bilayer.  

Although mass defect analysis only directly measures the stoichiometry of membrane 

protein/peptides associated with the nanodisc, examining the statistical distribution of 

stoichiometries can reveal whether the proteins associating with the nanodisc are forming specific 

oligomeric complexes or are simply randomly associating with the nanodisc. Proteins/peptides that 

interact nonspecifically with the nanodisc, either by associating as monomers or by forming 

nonspecific oligomeric complexes, exhibit a roughly Poisson distribution of stoichiometries that 

increases with higher concentrations. In contrast, proteins/peptides that form specific complexes 

exhibit a non-Poisson distribution, such as the GA peptide in Figure 2-1.153 Our experiments have 

discovered a wide range of behaviors for these complexes, as shown in Figure 2-3 and Figure 2-4. 

We will begin by discussing examples of highly specific oligomeric complexes before continuing 

to nonspecific complexes and closing with systems that show partial specificity.  

2.4.1 SPECIFIC MEMBRANE PROTEIN COMPLEXES 

Highly specific oligomeric complexes can show only a single oligomeric state within the 

nanodiscs, which we observed with several stable membrane protein complexes. These specific 

oligomers tend to show minimal lipid specificities, forming a single oligomer in different lipid 

environments. For example, the membrane protein aquaporin Z (AqpZ) had exactly four 

monomers per nanodisc (Figure 4E), which indicates highly specific tetramers, consistent with 

known structures.185, 186 AqpZ incorporated as only tetramers in bilayers of either PC or PG lipids, 

demonstrating no lipid preferences.157 Similar results were seen for AmtB, which formed 

monodisperse trimers in both lipid environments. Gram A, discussed above, was also largely lipid 
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insensitive, and although multiple dimers could incorporate into a single nanodiscs, we only saw 

evidence for specific dimer complexes.153  

2.4.2 NON-SPECIFIC PEPTIDE COMPLEXES 

In contrast with highly specific membrane proteins, many antimicrobial peptides had 

nearly Poisson distributions that indicated nonspecific association with the nanodiscs. For 

example, melittin did not assemble specific complexes, as shown in Figure 2-4D.153 However, 

melittin incorporated into PG bilayers at higher stoichiometries than PC bilayers, showing clear 

lipid specificity. The tendency of AMPs to show some preference for more anionic PG lipids over 

zwitterionic PC lipids but little oligomeric specificity was common across many of the AMPs 

studied (Figure 2-3 and Figure 2-4).152-154 This trend may provide insight to the mechanisms of 

action for AMPs, suggesting that AMPs target the anionic bacterial membranes but generally do 

not need to form specific oligomers to have antimicrobial effects.187, 188 

Mass defect analysis was also able to reveal the oligomeric states and lipid specificities of 

α-synuclein (α-syn), as shown in Figure 2-3 and Figure 2-5. We discovered that α-syn incorporated 

in stoichiometries up to five α-syn per nanodiscs and preferred PG lipids.176 However, no specific 

α-syn oligomers were detected. Similar results were observed for rat islet amyloid polypeptide.181  

2.4.3 MORE COMPLICATED OLIGOMERIZATION 

Between the two extremes of highly specific and nonspecific, several systems had more 

complex oligomeric behaviors. Unlike most other AMPs, LL-37 tended to associate with 

nanodiscs with a greater degree of oligomeric specificity, associating preferentially in units of six 

that indicate preference for hexamer. LL-37 had significant lipid specificity and only incorporated 

in appreciable numbers into PG bilayers (Figure 2-3 and Figure 2-4C). Interestingly, LL-37 
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showed lipid tail dependence in how it assembled complexes, preferring dimer intermediates in 

DMPG and trimer intermediates in DPPG. Other mass spectrometry-based techniques also showed 

tail-dependent oligomerization of LL-37.160 Overall, the preference of LL-37 for hexamers with 

dimer or trimer intermediates was unique and complex.  

Another unusual example of lipid and oligomeric specificity is the case of viroporin M2 

from influenza A (Figure 2-4B). In DMPG lipids, there was a roughly Poisson distribution of 

stoichiometries measured, ranging from one to four AM2 associated with the nanodisc. This 

statistical distribution of species suggests that there is likely no specific complex formation for 

AM2 in PG lipids. Similarly, when added to DMPC lipids, there also appeared to be a Poisson 

distribution of AM2 incorporation. However, when embedded in DPPC lipids, which form a 

thicker bilayer, AM2 only incorporated in units of four and one (Figure 2-3, 2-4B, and 2-6A).  The 

specificity for units of four suggests that AM2 may be forming a specific tetramer complex in the 

DPPC lipids.155 These differences in incorporation among lipid types suggest that bilayer thickness 

may affect complex formation.189 The behavior of M2 is discussed in greater depth, along with 

experimental details, in Chapter 4.   

These applications of mass defect analysis show the variety of behaviors that peptides and 

proteins exhibit when associated with nanodiscs. This wide range of behavior is illustrated in 

Figure 2-3 and Figure 2-4, which show most of the proteins and peptides analyzed with nanodisc 

mass defect analysis to date. Some proteins and peptides appear to self-assemble into highly 

specific oligomers regardless of the types of lipids they are surrounded with, such as AqpZ, AmtB, 
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and Gramicidin A. Conversely, other biomolecules exhibited little oligomeric specificity but had 

significant preference for certain lipid environments, such as Bactenecin and LacB. Others, like 

LL-37 and AM2 had more complex behaviors. Thus, mass defect analysis can be a powerful 

technique for characterizing the behavior of membrane-bound molecules.  

2.4.4 MEASURING DRUG BINDING AND EFFECTS 

Beyond determining the stoichiometries of proteins in nanodiscs, mass defect analysis can 

also reveal how small molecules affect membrane interactions. For example, we used mass defect 

 

Figure 2-5: Native mass spectra of α-syn:DMPG nanodiscs that have been incubated for 12 h 
(black) 48 h (orange) and 72 h (red). The raw (A) and deconvolved (B) mass spectra suggest a 
disruption of the nanodisc by 48 h without the addition of EGCG. The 2D mass defect plot 
(C) indicates the association of up to 3 α-syn to the nanodisc at 12 h, prior to nanodisc 
disruption. With the EGCG, the raw (D) and deconvolved (E) mass spectra reveal that the 
nanodisc has remained intact. The 2D mass defect plot (F) shows the association of up to 3 α-
syn into the nanodiscs, nearly identical to (C) without EGCG. Figure reproduced with 
permission from Sanders, H.M., Kostelic, M.M., Zak, C.K., and Marty, M.T. “Lipids and 
EGCG Affect α-Synuclein Association and Disruption of Nanodiscs.” Biochem. 2022 61 (11), 
1014-1021. Copyright 2023 American Chemical Society.  
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analysis to study the influence of small molecule (−)-epigallocatechin 3-gallate (EGCG) on α-syn 

in nanodiscs.176 EGCG is a flavonoid found in green teas that inhibits the formation of amyloid 

fibrils.190, 191 When adding α-syn to a DMPG nanodisc for 48 h or greater, the nanodiscs were 

significantly disrupted, as indicated by the unresolvable spectra (Figure 2-5A and B). However, 

when EGCG was added in addition to the α-syn and DMPG nanodiscs, the nanodisc remained 

intact (Figure 2-5D and E). Interestingly, mass defect analysis revealed that, at 12 h or less, samples 

with and without EGCG had the same amount of α-syn associated with the nanodisc (Figure 2-5C 

and F). The striking similarities suggest that the addition of EGCG prevents lipid bilayer disruption 

in nanodiscs that contain α-syn, but it does not prevent the initial association of α-syn with the 

nanodisc.  

Finally, mass defect can also be used to detect drug binding to membrane protein 

complexes in intact nanodiscs by detecting small shifts in the mass of the assembly, as discussed 

in Chapter 4. In DPPC nanodiscs, AM2 assembled into stoichiometries of one and four, as 

described above and shown in Figure 2-6A. Amantadine (AMT) specifically binds to the AM2 

tetramer,35, 192 but prior research had suggested the possibility of either one or four AMT molecules 

binding per tetramer complex.193, 194  After adding 40 µM AMT to AM2 nanodiscs with DPPC 

lipids, we measured shifts in the mass defect heat map that corresponded to the binding of AMT 

to the AM2 tetramer but not the monomer (Figure 2-6B). We were also able to resolve the 

stoichiometry of drug binding, measuring both one and four amantadine bound to the tetrameric 

M2. Adding higher concentrations of AMT increased in the intensity of the tetramer with four 

AMT bound (Figure 2-6C). These exciting results show how mass defect analysis can be applied 

to characterize the relationships between the small molecules that may interact with proteins and 

lipid bilayers.   
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2.5 OUTLOOK AND FUTURE DIRECTIONS 

The increasing prevalence of high-resolution mass spectrometry has enabled the analysis 

of increasingly heterogenous assemblies. Macromolecular mass defect analysis aids in the 

visualization and analysis of these complex mass spectra. There is a wide range of future 

applications for macromolecular mass defect analysis, including analyzing data of polymer-

conjugated proteins195 and proteins with complex glycosylation patterns.196, 197 Here, an individual 

glycan unit such as a mannose can be used as the reference mass. All glycoforms that differ only 

in mannose units will cluster together. Similarly, the monomer mass could be used as the reference 

in polymer spectra to explore modifications to the chain. 

Macromolecular mass defect analysis is also useful to visualize binding to oligomeric 

complexes. If the protein monomer mass is used as the reference mass, everything that differs only 

in the number of protein monomers will cluster together, giving distinct clusters for ligand or 

adduct binding. This approach may be powerful for characterizing drug binding to proteins and 

 

Figure 2.6: Mass defect heat maps of AM2 in DPPC nanodiscs (A) with 40 µM amantadine 
added (B) and 80 µM amantadine (AMT) added (C). The dashed line indicates the shift in the 
tetramer upon the binding of AMT.  Figure adapted with permission from Townsend et al., 
Influenza AM2 Channel Oligomerization Is Sensitive to Its Chemical Environment. Anal 
Chem. 2021, 93 (48): 16273-16281. Copyright 2023 American Chemical Society. 
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can provide information on which oligomers bind the drug. In general, macromolecular mass 

defect analysis can be effective for visualizing any complex spectra where it is useful to cluster 

things that differ by a specific reference mass.  

2.6 CONCLUSIONS 

Macromolecular mass defect analysis provides an effective bridge to combine the unique 

technologies of native mass spectrometry and nanodiscs. Mass defect analysis enables direct, 

label-free measurement of oligomerization of proteins and peptides in lipid nanodiscs. By 

combining these technologies, we can characterize the patterns of oligomeric and lipid specificities 

of a wide range of peptides and proteins, as well as characterizing the influence of small molecules 

on proteins and nanodiscs. Our hope is that this chapter provides a foundation for others to both 

use and interpret mass defect data, inspiring new applications to understand complex biophysical 

interactions. The methods reviewed in this chapter are foundational for the experiments outlined 

in the next three chapters. 

 

 

The preprint article of this chapter can be found online at  

https://chemrxiv.org/engage/chemrxiv/article-details/64406ef67be842788dec9ddf .  
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CHAPTER 3 IMIDAZOLE DERIVATIVES IMPROVE 
CHARGE REDUCTION AND STABILIZATION FOR 
NATIVE MASS SPECTROMETRY 
 

3.1 INTRODUCTION 

By preserving noncovalent interactions during electrospray ionization (ESI), native MS 

enables quantitation of protein complex stoichiometry, ligand binding, and lipid interactions.198-201 

It has been applied to a range of different complexes, including soluble proteins, viroporins, 

nucleic acids,202, 203 and lipid nanoparticles.204, 205 However, even under nondenaturing ESI 

conditions, labile interactions can be disrupted. Because lowering the charge of ions reduces 

electrostatic repulsions that drive dissociation in the gas phase, charge reduction is widely used to 

mitigate gas-phase dissociation and unfolding.184, 206-211 Charge reducing reagents may also improve 

stability of complexes by reducing the internal energy of ions through evaporative cooling as 

weakly-bound adducts are released in the gas phase.207, 212 This can be useful for preserving fragile 

complexes, such as viroporin oligomers, inside the mass spectrometer. In addition to improving 

stability, charge reduction can also aid data analysis by reducing overlap between charge states 

and narrowing the charge state distribution, which improves the signal-to-noise ratio.  

Several approaches to charge reduction have been employed for native MS. The most 

commonly used method is to add charge reducing reagents to solution prior to ESI. Imidazole207 

and triethylamine (TEA)211 are commonly used, but recent work has shown that trimethylamine 

oxide (TMAO) can be a potent charge reducing reagent.213-215 However, TMAO tends to form 

adducts with protein complexes, which is an important component of its activity.215  
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Our prior studies have explored the effects of imidazole as a charge reducing reagent on 

lipoprotein nanodiscs with only lipids, with embedded membrane proteins,151 and with 

incorporated transmembrane peptides.216 TEA is less effective than imidazole for stabilizing 

nanodiscs, and TMAO forms adducts with nanodiscs that are not easily removed. Empty nanodiscs 

and nanodiscs with transmembrane peptides are significantly stabilized by imidazole, and charge 

reduction is essential for retaining labile lipids like cholesterol.150 However, cholesterol nanodiscs 

are not fully stabilized by imidazole, indicated by the fact that more cholesterol is retained in 

negative ionization mode. 

To find more effective charge reducing reagents, we hypothesized that a systematic study 

of imidazole derivatives would provide not only more effective reagents but also inform on the 

chemical principles governing charge reduction. We discovered that the addition of hydrocarbon 

substituents to the 2 position on imidazole allowed for greater charge reduction, improved signal-

to-noise ratios, and resulted in cleaner spectra across a range of different systems, including a 

soluble protein complex, a membrane protein complex, and lipoprotein nanodiscs. We also found 

that these derivatives could better stabilized noncovalent interactions during native MS. To explore 

the chemical factors contributing to the behavior of these new charge reducing reagents, we tested 

their influence on solution-phase thermal stability of proteins and calculated their gas-phase 

basicities, proton affinities, and interaction energies with protein side chain models. Together, 

these results reveal not only largely explain the efficacy of these new charge reduction reagents 

but also provide heuristics for development of future reagents. 



65 
 

3.2 METHODS 

3.2.1 MATERIALS AND SAMPLE PREPARATION 

Imidazole and trimethylamine oxide were purchased from Arcos Organics. Ammonium 

acetate, Amberlite XAD-2, 4(5)-hydroxymethylimidazole, 4(5)-methylimidazole, 2-

methylimidazole, 1-methylimidazole, 2-ethylimidazole, and 5-ethylimidazole were purchased 

from Sigma Aldrich. 2-isopropylimidazole and 2-propylimdazole were purchased from Tokyo 

Chemical Industry. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-

glycero-3-phosphoglycerol (DMPG), and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) lipids were purchased from Avanti Polar Lipids. Streptavidin was 

purchased from GBioscience. LL-37 was purchased from Bachem. 

Stock solutions of streptavidin were prepared by dissolving it into 0.2 M ammonium 

acetate at 1 mg/ml. Samples were then buffer exchanged into ammonium acetate using Micro Bio-

Spin Columns (Bio-Rad Laboratories Inc) to remove residual salts. From a single stock, replicate 

streptavidin samples were buffer exchanged and measured in triplicate.  

As previously described,151, 217 AmtB-TEV-MBP-HIS was expressed in E. coli and purified 

by immobilized metal affinity chromatography (IMAC) and size exclusion chromatography (SEC) 

on a Superdex 200 16/600 (GE Healthcare) with buffers containing 0.025% dodecyl-maltoside 

(DDM) from Anatrace. AmtB was prepared by incubating with TEV protease overnight to cleave 

the poly-histidine tags. The cleaved protein was then purified by reverse IMAC and detergent 

exchanged by SEC into 0.5% C8E4 detergent in 0.2 M ammonium acetate. Membrane protein 

detergent solutions were detergent exchanged and measured in triplicate. For lipid titration 

experiments, 2.5 mM POPE lipids were added to a solution of 50 µM AmtB containing 40 mM 

charge reducing reagent, diluting the charge reducing reagent to 36 mM.   



66 
 

MSP1D1(-) was expressed, purified, and assembled into nanodiscs as previously 

described.72, 217, 218 Briefly, nanodiscs were assembled by solubilizing dried DMPC or DMPG in 

sodium cholate. MSP1D1(-) was added to the lipids and the sodium cholate was removed by 

addition of Amberlite XAD-2 beads. Nanodiscs were purified by SEC using a Superose 6 Increase 

10/300 column (GE Healthcare) in 0.2 M ammonium acetate and diluted to 2.5 µM. LL-37 was 

dissolved in methanol to a concentration of 0.1 mM. To create peptide-nanodisc complexes, the 

DMPG nanodiscs were mixed 19:3 v/v with 0.1 mM LL-37 for a final concentration of 0.01 mM. 

Nanodisc samples were assembled and measured in triplicate.  

3.2.2 CHARGE REDUCTION 

Stock solutions of imidazole, TMAO, and all imidazole derivatives were dissolved in water 

at a concentration of 400 mM. The pH was lowered to 7 using acetic acid. Preliminary experiments 

with streptavidin, AmtB in C8E4, and peptide-nanodiscs optimized the concentration of charge 

reducing agents in each sample. For streptavidin, protein was mixed 9:1 v/v for a final 

concentration of 40 mM. For charge reduction of AmtB, protein was mixed with charge reducing 

reagent 9:1 v/v for a final concentration of 40 mM. For AmtB lipid binding experiments, protein 

and lipid were mixed 10:1 v/v for a final concentration of 36 mM of charge reducing reagent. 

Empty nanodiscs were mixed 41:1 v/v for a final concentration of 10 mM. Peptide-nanodiscs were 

mixed 45:1 v/v with 400 mM charge reducing reagent for a final concentration of 9 mM. 

3.2.3 MASS SPECTROMETRY 

Native MS was performed as previously described.216, 217, 219 Briefly, electrospray 

ionization (ESI) was performed with borosilicate needles pulled with a P-1000 micropipette puller 

(Sutter Instrument, Novato, CA). Mass spectrometry was performed with a Q-Exactive HF 
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Orbitrap mass spectrometer equipped with the Ultra-High Mass Range (UHMR) research 

modifications (Thermo Fisher Scientific).220 Instrumental parameters applied to each of the 

samples tested included 200 °C capillary temperature, 1.1-1.5 kV capillary voltage, and resolution 

setting of 15,000 with 10 microscans summed into one scan. For AmtB, empty nanodiscs, and 

peptide-nanodiscs, an additional 50 V of source fragmentation was applied. Streptavidin scans 

were collected from 1,000-20,000 m/z with a trapping gas pressure of 3. The applied HCD voltage 

was increased from 0-200 V in 20 V increments of one minute for each voltage step. AmtB scans 

were collected from 2,000-30,000 m/z with a trapping gas pressure of 7. HCD voltage was 

increased from 0-200 V in 50 V increments for 1-minute acquisitions at each step. Peptide-

nanodisc and empty nanodisc scans were collected from 2,000-25,000 m/z with a trapping gas 

pressure of 7. In-source trapping was increased from 0-200 V in 20 V increments of one minute 

for each step. 

3.2.4 MASS SPECTROMETRY DATA ANALYSIS 

Native mass spectra were deconvolved using UniDec221 and MetaUniDec.219 The 

deconvolution settings for streptavidin included a mass range of 1−60 or 70 kDa, a charge range 

of 1−50, and a Gaussian peak FWHM of 1 m/z.  A charge smooth width and point smooth width 

of 1.0 were also applied. The deconvolution settings for AmtB included a mass range of 5-500 

kDa, a charge range of 1-30, and a Gaussian peak FWHM of 0.85 m/z. A charge smooth width 

and point smooth width of 1.0 were also applied. The settings for deconvolution of the nanodiscs 

included a mass range between 20-210 kDa and a charge range of 5-25. A Gaussian peak FWHM 

of 10.0 was also used. A charge smooth width and mass smooth width of 1.0 were applied with 

the mass of the lipid set as the mass difference. For the analysis of all spectra, a curved background 

subtraction of 100 was applied.   
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To determine the number of peptides incorporated into the nanodiscs, we used mass defect 

analysis222 in MetaUniDec. Mass defect analysis involves dividing the measured mass by a 

reference mass. Here, the reference mass was the mass of DMPG, 667 Da. The total intensities of 

the mass defects were summed across all masses to determine the number of peptides incorporated 

into the nanodisc as previously described.216 Any ambiguities in matching the mass defect peaks 

with the corresponding number of peptides were resolved using collisional dissociation 

experiments. 

3.2.5 NANO-DIFFERENTIAL SCANNING FLUORIMETRY 

Nano-differential scanning fluorimetry measurements were made using a NanoTemper 

Tycho NT.6 NanoDSF instrument as previously described.151 Streptavidin was mixed 9:1 v/v with 

400 mM charge reducing reagent for a final concentration of charge reducing reagent of 40 mM. 

AmtB solubilized in C8E4 detergent was mixed 9:1 v/v with 400 mM charge reducing reagent for 

a final concentration of charge reducing reagent of 40 mM. 10 µL of each of the samples were 

added to Tycho NT.6 Capillaries (Nano Temper Technologies), and the temperature was raised 

from 35–95 °C while measuring the ratio of fluorescence at 320 and 350 nm. The change in the 

ratio of fluorescence was plotted against the change in temperature to determine the melting point 

of each sample.  All the samples were tested in triplicate. 

3.2.6 CALCULATIONS 

Computational modelling was performed using the University of Oregon’s High-

Performance Computing Cluster, Talapas. Initial structures for neutral and protonated conformers 

of charge stripping reagents were constructed in the molecular modelling program Avogadro v. 

1.2.0 to determine the respective molecule’s proton affinity and gas basicity. Proton bound dimers 
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of charge stripping reagents bonded to n-butylamine were also constructed to simulate the 

respective charge stripping reagent bound to a protonated lysine side chain of a protein ion. For 

each base, low-energy structures identified from a search of 5,000-conformers in Avogadro were 

optimized using the MMFF94 force field. The resulting structures were geometry optimized in 

Gaussian 09 (Gaussian, Inc.) first at the B3LYP/6-31G* level of theory. Output structures were 

then further geometry optimized and harmonic vibrational frequencies were computed using the 

B3LYP/6-31++G** level of theory. Enthalpies and Gibbs free energies at 298 K were calculated 

without rescaling of the vibrational frequencies. Proton affinities (PA) and gas-phase basicity (GB) 

values were computed as previously described.151 In short, the PA and GB of a given molecule 

were calculated by subtracting the 298 K enthalpy or Gibbs free energy, respectively, of the 

protonated structure from that of the neutral structure and then correcting for the standard 298 K 

enthalpy or Gibbs free energy223 of formation for a proton gas. When this method is applied to 

imidazole, the PA and GB are calculated to be 947.7 kJ/mol and 915.5 kJ/mol, respectively, at the 

B3LYP/6-31++G** level of theory. These computed values agree well with experimentally 

determined values reported by Hunter and Lias224  (942.8 and 909.2 kJ/mol, respectively). 298 K 

enthalpies and Gibbs free energies of binding for proton-bound dimers of charge reducing reagents 

with n-butylamine were computed by adding the 298 K enthalpy or Gibbs free energy, 

respectively, of the protonated structure of the more basic substituent to that of the neutral structure 

of the other substituent. The 298 K enthalpy or Gibbs free energy of the proton bound dimer 

complex was then subtracted from the sum to yield the dimer enthalpy or Gibbs free energy of 

binding. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 CHARGE REDUCTION AND STABILIZATION OF STREPTAVIDIN 

Based on prior results with trialkylamines,225 we predicted that imidazole derivatives with 

added nonpolar substituents and higher gas-phase basicities would provide greater charge 

reduction and enhance the stability of biomolecular complexes during native MS. We first tested 

our hypothesis with streptavidin, a soluble tetrameric protein. Control spectra were collected for 

streptavidin with no additive, with imidazole, and with TMAO (Figure 3-1 A-D). Addition of 

imidazole significantly reduced the charge states of streptavidin compared to spectra without 

additives. We found that TMAO resulted in an even greater charge reduction, but only when 

collision voltage was applied (Figure 3-1D). TMAO spectra were poorly resolved without collision 

 

Figure 3-1 Native mass spectra of streptavidin with 40 mM of charge reducing agent added. 
All spectra were collected at 0 V in-source trapping collision voltage except (D), which was 
100 V. Additives were (A) water, (B) imidazole, (C, D) TMAO, (E) 4(5)-methylimidazole, (F) 
2-methylimidazole, (G) 1-methylimidazole, (H) 4(5)-hydroxy methylimidazole, (I) 4(5)-
ethylimidazole, (J) 2-ethylimidazole, (K) 2-propylimidazole, and (L) 2-isopropylimidazole. 
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voltage, likely due to formation of TMAO adducts that require collisional activation to remove 

(Figure 3-1C). 

We then monitored the effects of adding a methyl to imidazole at three different locations: 

4(5)-methylimidazole, 2-methylimidazole, and 1-methylimdazole (Figure 3-1 E-G). Interestingly, 

4(5)-methyl and 1-methyl derivatives were less charge reducing than imidazole, but the 2-methyl 

derivative was more charge reducing. Switching to a hydrophilic substituent, such as 4(5)-

hydroxymethylimidazole, resulted in spectra that were poorly resolved, likely due to adduction to 

 

Figure 3-2  The mass spectra (A, B, C) and deconvolved mass distributions (D, E, F) of 
streptavidin in the presence of no additive (A, D), 40 mM imidazole (B, E), and 40 mM 2-
isopropylimidazole (C, F). The in-source trapping collision voltage was increased from 0-
180 V in increments of 20 V as shown by various colors. 
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the protein complex (Figure 2.1H). Thus, we concluded that non-polar derivatives are superior to 

polar derivatives. 

Returning to non-polar derivatives, we next tested 5-ethylimidazole and 2-ethylimidazole 

(Figure 3-1I and 3-1J). Like the methyl derivatives, ethyl derivatives were more effective at the 2 

position. Furthermore, 2-ethylimidazole was slightly more charge reducing than 2-

methylimidazole, which suggested that longer carbon chains might be more effective. Thus, we 

tested 2-propylimidazole and 2-isopropylimidazole (Figure 3-1K and 3-1L). Here, the 2-propyl 

 

FIGURE 3-3  Streptavidin in the presence of (A) no additive or 40 mM (B) imidazole, (C) 
TMAO, (D) 4(5)-methylimidazole, (E) 2-methylimidazole, (F) 1-methylimidazole, (G) 4(5)-
hydroxy methylimidazole, (H) 5-ethylimidazole, (I) 2-ethylimidazole, (J) 2-propylimidazole, 
and (K) 2-isopropylimidazole. The collision voltage was increased from 0-200 V in 20 V 
increments.  
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derivative was less effective whereas the 2-isopropyl derivative was slightly more charge reducing 

than the 2-ethyl derivative. Butyl and tert-butyl derivatives were not sufficiently soluble in 

ammonium acetate solution and were thus not explored further.  

To test whether these imidazole derivatives also improved improved the overall stability 

of streptavidin, we performed collision induced dissociation (CID) experiments by increasing the 

collision voltage from 0-200 V (Figure 3-2 and 3-3). Without charge reducing reagents, we 

observed significant dissociation from tetramer to trimer by 40 V and mostly monomer and peptide 

fragments by 200 V. With added imidazole, streptavidin dissociation did not begin until around 

150 V. Across the imidazole derivatives, gas-phase stability correlated with charge reduction. 

Interestingly, the 2-ethyl, 2-propyl, and 2-isopropyl derivatives were more stabilizing than TMAO 

despite having overall higher charges. This suggests that additional factors such as evaporative 

cooling207, 212 contribute to the improved stability. With all the charge reducing reagents tested, we 

 

Figure 3-4 Charge states of AmtB with 40 mM charge reducing agent added. The charge 
reducing agents tested were (A) with water added as a control, (B) imidazole, (C) 2-
ethylimidazole, (D) 2-propylimidazole, (E) 2-isopropylimidazole, and (F) TMAO. 
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observed fragmentation into peptides at 200 V, which is consistent with prior results with low 

 

Figure 3-5 The addition of 10 mM imidazole derivatives to empty DMPC nanodiscs (A) 
stabilizes the average mass towards increasing collision voltage and (B) reduces the initial 
average charge. Water was added as a control. The collision voltage was increased from 0-200 
V in 20 V increments. 
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Figure 3-6 The retention of POPE lipids on AmtB in C8E4 as the collision voltage was 
increased from 0-200 V in 50 V increments with the addition of (A) no additive, or 40 mM 
of (B) imidazole, (C) 2-ethylimidazole, (D) 2-propylimidazole, (E) 2-isopropylimidazole, 
and (F) TMAO. 
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charge states of TTR.226 Comparing the laboratory collision energy227—defined as the applied 

collision voltage times the average charge state—revealed that the stability enhancements were 

not simply the result of lower effective collision energy. Overall, the addition of 2 or 3 carbon 

alkyl substituents at the 2 position of imidazole reduced the charge and improved the stability of 

streptavidin for native MS. 

3.3.2 CHARGE REDUCTION AND LIPID RETENTION WITH AMTB 

Using the imidazole derivatives that were effective with streptavidin, we next tested their 

effects on AmtB, a membrane protein trimer, in C8E4 detergent. AmtB with no additive, with 

imidazole, and with TMAO were compared as controls. Because C8E4 is known to be charge 

 

Figure 3-7 The binding of POPE lipids under A) 50 V and B) 150 V collisional activation 
in the presence of no additive or 40 mM imidazole, 2-isopropylimidazole, and TMAO. 
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reducing,114 addition of imidazole had less of a charge reduction effect for AmtB than for 

streptavidin (Figure 3-4A and 3-4B).  

Like streptavidin, we discovered that imidazole derivatives with the longer hydrocarbon 

substituents were more charge reducing for AmtB (Figure 3-4 C–E). For example, the predominant 

charge state was +15 with imidazole, but the predominant charge state was +14 for both 2-

propylimidazole and 2-isopropylimidazole. Adding TMAO produced the lowest charge state but 

created a wider charge state distribution (Figure 3.4F), which has the potential to reduce the signal 

to-noise ratio. Because collisional activation is needed to remove detergents from AmtB, we did 

not observe any TMAO adducts on AmtB. Overall, the most charge reducing imidazole derivatives 

for AmtB were 2-propylimidazole and 2-isopropylimidazole. 

 

Figure 3-8 The effect of the addition of 10 mM charge reducing agent on the average (A) 
mass and (B) charge of empty DMPG nanodiscs with increasing collisional voltage. The 
collision voltage was increased from 0-200 V in 50 V increments. 
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To evaluate how imidazole derivatives impacted stability of lipid bound AmtB, we added 

POPE at a final concentration of 0.21 mM. We then performed CID from 0-200 V in 50 V steps. 

There were only minor differences in initial lipid binding, but we found that the presence of 

imidazole and imidazole derivatives stabilized bound lipids at higher collision voltages, as shown 

in Figure 3-5 and 3-6. Although TMAO was more stabilizing in this case, imidazole derivatives 

were as effective as imidazole at stabilizing membrane protein-lipid complexes. 

3.3.3 CHARGE REDUCTION ON NANODISC-PEPTIDE COMPLEXES 

Finally, we tested the most promising imidazole derivatives on lipoprotein nanodiscs. Prior 

research has shown that imidazole is charge reducing and stabilizing for “empty” nanodiscs with 

both zwitterionic and anionic embedded lipids.151 We first tested DMPC nanodiscs, which eject 

lipids under increasing collisional activation.228 Although imidazole has a clear charge reduction 

and 

 

Figure 3-9 The effect of the addition of 10 mM charge reducing agent on the average (A) 
mass and (B) charge of empty DMPG nanodiscs with increasing collisional voltage. The 
collision voltage was increased from 0-200 V in 50 V increments. 
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stabilizing effect on DMPC nanodiscs, 2-methyl, 2-ethyl, 2-propyl, and 2-isopropyl derivatives 

showed only minor differences from imidazole (Figure 3-7 and 3-8). Similar results were observed 

for empty DMPG nanodiscs (Figure 3-9 and 3-10). Thus, although these imidazole derivatives are 

useful for stabilizing empty nanodiscs for ESI, they are not significantly better than conventional 

imidazole.  

However, significant differences were observed upon addition of an antimicrobial peptide 

to nanodiscs. We previously found that imidazole stabilizes peptide-nanodisc complexes and 

allows for the detection of higher stoichiometries of peptides in nanodiscs.216 To test whether 

imidazole derivatives would further stabilize peptide-nanodisc complexes, we added LL-37, an 

 

Figure 3-10 The mass spectra (A, C, E) and deconvolved mass distributions (B, D, F) of empty 
DMPG nanodiscs in the presence of (A, B) no additive, or 10 mM (C, D) imidazole and (E, F) 2-
isopropylimidazole. The collision voltage was increased from 0-200 V in increments of 50 V.   
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antimicrobial peptide, at a 6/1 molar ratio with DMPG nanodiscs. As a control, we collected 

spectra with no additive, imidazole, and TMAO. There was poor signal intensity and unresolvable 

spectra when TMAO was added to nanodisc samples.  

Adding imidazole increased the average number of incorporated peptides from 2.17±0.07 

with controls to 2.80±0.08 (Figure 3-11). 2-methylimidazole did not significantly increase the 

average number of peptides and caused a wider standard deviation between replicate samples. In 

contrast, 2-ethyl, 2-propyl, and 2-isopropyl all significantly increased the average number of 

 

Figure 3-11  (A) The average number of peptides incorporated, (B) average mass, and (C) 
average charge of DMPG nanodiscs with 6/1 LL-37 and different charge reducing agents 
added. The collision voltage was increased from 0-200 V in 20 V increments. 
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peptides incorporated to around 4. Thus, imidazole derivatives improve retention of labile peptides 

and provide more accurate quantitation of the stoichiometry of peptides associated with nanodiscs.  

To investigate the effects of imidazole derivatives on the stability of peptide-nanodisc 

complexes, we performed CID and monitored the average number of peptides incorporated, the 

average mass of the entire nanodisc complex, and the average charge (Figure 3-11).  Deconvolved 

mass distributions are also shown in Figure 3-12. Without charge reducing reagents, there was a 

substantial loss of peptides, mass, and charge at increasing CID. Some degree of stabilization was 

observed with imidazole, but imidazole derivatives were more stabilizing towards peptide and 

average mass loss and showed lower charge states. Interestingly, stability of mass is not always 

correlated with stability of peptide incorporation. For example, the 2-propyl derivative was 

 

Figure 3-12 Mass spectra of DMPG nanodiscs and 6/1 ratio of LL-37 in the presence of (A) 
no additive, (B) 9 mM imidazole, and (C) 9 mM 2-isopropylimidazole. The collision voltage 
was increased from 0-200 V in increments of 100 V. 
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significantly more stabilizing towards peptide loss than the 2-methyl derivative but less stabilizing 

towards overall mass loss. This could be due to different reagents shifting the competition between 

dissociation of lipids and dissociation of peptides. It could also be due to interactions of the more 

hydrophobic derivatives with the lipid bilayer that alter dissociation pathways. In any case, the 2-

isopropyl derivative was the most stabilizing across all three measures of dissociation. Thus, 2-

isopropylimidazole provides an improved reagent for native MS of nanodisc complexes with 

embedded antimicrobial peptides.   

3.3.4 MECHANISMS OF IMPROVED CHARGE REDUCTION 

To understand why the imidazole derivatives were superior charge reducing reagents, we 

first sought to rule out solution-phase effects. Thus, we tested the thermal stability of streptavidin, 

AmtB, and empty nanodiscs by nano-differential scanning fluorimetry (DSF).151 Addition of 

imidazole, TMAO, and imidazole derivatives generally did not significantly influence the melting 

temperature (Figure 3-13 and Table 3-2). Thus, we do not expect that solution-phase stability is 

 

Figure 3-13 A representative nanoDSF data set of the three thermostability experiments for 
streptavidin. The charge reducing reagents were added at a concentration of 40 mM. 
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affected by these reagents. Imidazole is often used in protein purification and likely has only minor 

influences on protein activity and interactions in most cases. However, we cannot rule out that 

imidazole derivatives might interact with the protein in some cases, particularly with the more 

hydrophobic reagents.  

Table 2.1 The average unfolding temperatures, Tm (°C), for NanoDSF experiments with 
streptavidin, AmtB, and empty DMPC nanodiscs in the presence of charge reducing 
reagents. Each sample was measured with each of the charge reducing reagents in triplicate. 
The unfolding temperature for streptavidin in the presence of 2-propylimidazole was not 
detected because it was above of the upper limit of detection 

Reagent Streptavidin  AmtB Nanodiscs 

Water 91.05±0.03 76.85±0.15 79.40±1.13 

Imidazole 91.15±0.04 76.94±0.01 73.34±0.84 

2-Ethylimidazole 91.27±0.04 76.98±0.07 75.17±0.92 

2-Propylimidazole ND 76.53±0.16 74.53±0.78 

2-Isopropylimidazole 90.40±0.20 76.34±0.25 77.37±1.37 

TMAO 90.64±0.11 76.90±0.05 80.12±3.85 

 

 

           
            

            
            

              

     

    

    

    

    

    

    

 

 

Figure 3-14 A comparison of computed gas-phase basicities against the ΔG298 of dissociation 
for proton-bound dimer with n-butylamine. Imidazole and its derivatives are shown in red. 
TMAO and TEA are shown in blue.  
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We next considered the gas-phase interactions of the different derivatives with protons and 

Table 2.3 Calculated ΔG298 of dissociation for proton-bound dimer with n-butylamine, proton 
affinity (PA), and gas-phase basicity (GB) values for different charge reduction reagents. All 
values are reported in kJ/mol. PA and GB values reported in parentheses are experimental 
values from Hunter and Lias, 1998. Our values are systematically higher than those from 
Hunter and Lias, due to the difficulty of establishing an accurate experimental anchor value for 
PA/GB measurements as well as computational error, thus we expect the computed differences 
in PA/GB between different bases are more reliable than their absolute values. Dimer 
dissociation energies were not computed for n-butylamine and methylguanidine. 

Reagent ΔG298 Diss. PA GB 

imidazole 59.0 947.8 
(942.8) 

915.5 
(909.2) 

1-methylimidazole 52.0 968.2 
(959.6) 

935.5 
(927.7) 

2-methylimidazole 50.2 973.0 
(963.4) 

937.3 
(929.6) 

4-methylimidazole 53.1 964.4 
(952.8) 

932.2 
(920.9) 

4-hydroxymethylimidazole 53.8 963.8 931.5 

1-ethylimidazole 50.7 975.1 943.0 

2-ethylimidazole 49.9 978.3 938.9 

4-ethylimidazole 49.1 967.8 936.2 

2-propylimidazole 42.3 979.6 947.7 

1-isopropylimidazole 40.1 981.6 949.2 

2-isopropylimidazole 42.0 979.9 946.5 

1-t-butylimidazole 45.2 989.6 957.1 

2-t-butylimidazole 35.0 984.5 953.5 

TMAO 58.4 980.5 950.7 

TEA 22.0 981.5 
(981.8) 

949.0 
(951.) 

n-butylamine -- 923.0 
(921.5) 

891.6 
(886.6) 

methylguanidine -- 1012.6 982.2 
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with model side chains. Our hypothesis was that more effective charge reducing reagents would 

show stronger interactions with protons but weaker interactions with proteins. Gas-phase basicity 

(as measured by PA, negative ΔH of protonation, or GB, negative ΔG of protonation) has been 

shown to correlate with the degree of charge reduction for other reagents and to be an important 

factor in gas-phase ion structure.209, 211, 225, 229-231  

Experimental GB values are not available for many of the reagents studied here, so we used 

ab initio computations to determine them, as well as the PA and GB of models of lysine and 

arginine side chains (n-butylamine and methylguanidine, respectively). Computational results for 

PA and GB affinity are summarized in Figure 3-14 and Table 2-3. Because GB showed nearly 

identical trends to PA, we focus the discussion on PA. All charge reducing reagents were found to 

be less basic in the gas phase than methylguanidine but more basic than n-butylamine, indicating 

that these reagents likely will not deprotonate arginine side chains upon dissociation but should be 

able to deprotonate many lysines, histidines, and other less basic groups on the protein, thereby 

reducing the charge. 

Imidazole derivatives showed higher PA values with larger alkyl substituents. Thus, the 

trend of increased charge reduction with increasing alkyl chain length can be partially explained 

by increasing PA. Derivatives in the 4 position had lower PA than those in the 1 or 2 position, in 

line with the observed lower efficacy of 4-subsituted reagents at charge reduction. Derivatives in 

the 2 position had similar GB values to derivatives in the 1 position, indicating that factors not 

well-described by these computations, such as sterics, likely play a role in the observed differences 

between 1- and 2-substituted isomers in the experiments. A notable exception to the strong 

correlation between PA and ability reduce charge was unsubstituted imidazole, which had a much 

lower calculated PA than the other imidazole derivatives (though still higher than n-butylamine) 



85 
 

despite its excellent charge reduction capabilities. TEA and TMAO have similar PA values to one 

another and to propyl and isopropyl imidazole derivatives but have very different charge reducing 

effects, indicating that factors beyond basicity contribute to charge reduction efficacy.  

To understand why some charge reducing reagents are more prone to adduction during 

ESI, we computed dissociation energies of proton-bound heterodimers formed between each 

charge reducing reagent and n-butylamine, a model of the lysine side chain. For imidazole 

derivatives, heterodimer dissociation energies were generally found to decrease with increasing 

alkyl chain length due to an increasing difference between the PA of the charge reducing reagent 

and that of n-butylamine. Thus, higher PA values led to derivatives that are easier to dissociate 

and hence less prone to adduction to lysines and other basic protein side chains. Interestingly, 

despite having a high PA, TMAO has an especially high dimerization energy with n-butylamine. 

This can be explained by the large charge rearrangement in the polar N-O bond that occurs upon 

dimerization with lysine and which does not occur for the other bases studied, including TEA. This 

result is consistent with TMAO’s tendency to remain adducted to positively charge biomolecular 

ions under low-activation conditions (Figure 3-1C).214, 215 In contrast, TEA has a similar PA to 

TMAO, but TEA undergoes little change in C-N bond polarity upon dimerization with n-

butylamine, resulting in a relatively low dimerization energy as compared to TEA or the imidazole 

derivatives studied. This result is consistent with TEA’s low tendency toward adduction. As for 

the calculated PA/GB results discussed above, unsubstituted imidazole is an exception, with a 

relatively high computed proton-bound dimerization energy (ΔG of 59 kJ/mol at 298 K), even 

higher than TMAO (57 kJ/mol), but it does not show adduction like TMAO. 4-

hydroxymethylimidazole shows much higher adduction but similar dimerization energies to other 
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methyl derivatives, likely because our calculations do not fully reflect the contributions of the 

hydroxyl interacting with other hydrogen-bonding sites on the protein. 

Comparing computations with experimental results, imidazole derivatives with higher 

computed PA/GB values and lower shared-proton dimer binding energies with n-butylamine are 

generally more effective at charge reduction while avoiding adduction. Based on the experimental 

data presented above and these computational data, we conclude that the following factors are 

helpful in optimizing ESI charge-reducing reagents for protonated biomolecular ions: 1) the 

reagent should have a high PA/GB; 2) it should have a low proton-bound dimer dissociation energy 

with n-butylamine; and 3) other chemical properties, such as solubility in the electrospray solvent, 

volatility, and strength of interactions with the analyte, should be taken into consideration as 

appropriate.  

3.4 CONCLUSIONS 

We have shown that the imidazole derivatives with alkyl substituents, particularly 

isopropyl, in the 2 position can provide superior charge reduction and stability for a range of 

different biomolecular complexes, including a soluble protein, a membrane protein in detergent, 

and lipoprotein nanodiscs with embedded transmembrane peptides. Given their superior 

performance and ease of use, we expect that these reagents will have wide-ranging impacts in 

native MS analysis. These improvements are largely explained by increases in computed gas-

phase basicity/proton affinity and decreases in proton-shared heterodimer energies between 

imidazole derivatives and lysine side chains, which reveal opportunities for future development 

of charge reduction reagents with even more potent effects.  
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CHAPTER 4 INFLUENZA A M2 CHANNEL 
OLIGOMERIZATION IS SENSITIVE TO ITS 
CHEMICAL ENVIRONMENT 

4.1 INTRODUCTION 

As discussed in Section 1.2, viroporins are a class of small transmembrane proteins that 

oligomerize to form channels in membranes.22 Found in a range of different viruses, they are 

involved at multiples stages of infection, including uncoating, replication, assembly, and 

budding232, 233 Matrix protein 2 from influenza A (AM2) is a multifunctional viroporin and a 

clinically approved drug target for amantadine and rimantadine.233-235 AM2 is made up of three 

regions, the extracellular domain, the transmembrane (TM) domain, and the cytosolic tail (Figure 

4-1A). The 20-residue single-pass TM domain of AM2 is necessary and sufficient for 

oligomerization and formation of a pH-mediated ion channel.31, 233, 236 There are several dozen X-

ray or NMR structures of the AM2 TM domain in a variety of membrane mimetics, all depicting 

monodisperse homotetramers.237-240 Despite the uniform oligomeric state, there are significant 

differences among many of the AM2 structures, and the membrane mimetic used to solubilize 

AM2 can have major influences on its structure.238, 241 However, traditional structural biology 

techniques are limited in their ability to study oligomeric polydispersity, so these existing 

structures may not capture the full range of possible states. Indeed, earlier fluorescence resonance 

energy transfer studies suggested that the dimer might be the minimal proton-conducting unit for 

the full-length AM2 in cells.242   

For conventional native MS of membrane proteins, the entire protein-micelle complex is 

ionized with electrospray ionization (ESI).66 The detergent adducts are then removed from the 

protein using collision induced dissociation (CID), and the mass of the bare membrane protein 
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complex reveals the protein stoichiometry and noncovalent ligands that remain bound (Figure 4.1). 

Other membrane mimetics, such as nanodiscs, allow membrane proteins to be solubilized in lipid 

bilayers during native MS.66, 123, 243 Thus, native MS provides rich information and can capture the 

polydispersity of membrane proteins in different lipid and detergent environments.  

Here, we performed native MS on both the full-length and TM AM2 in detergents and 

nanodiscs. Based upon the existing structures, we predicted that AM2 would form robust 

tetramers. However, we discovered that AM2 assembled into a range of oligomeric states from 

dimer to hexamer. Further investigation showed that the oligomeric state of AM2 was influenced 

by the membrane environment, solution pH, and drug binding. Together, these results reveal that 

AM2 could be more polydisperse than previously suggested and more sensitive to its chemical 

environment.  

4.2 MATERIALS AND METHODS 

4.2.1 PREPARATION OF AM2 IN DIFFERENT DETERGENTS AND PH 

Full-length AM2 was expressed and purified as previously described, and details are 

provided in the Supporting Information. Purity was confirmed by SDS-PAGE and native MS, 

which both showed no detectable contaminants. Protein activity was confirmed with proton flux 

assays with POPC liposomes (Figure 4-23). A series of ammonium acetate solutions were first 

adjusted to pH 4, 5, 6, 7, 8, and 9 with acetic acid or ammonium hydroxide. All detergents were 

purchased from Anatrace. Each detergent solution was created by adding twice the critical micelle 

concentration (CMC) of the detergent to the ammonium acetate solution at each pH. AM2 was 

exchanged into each of these detergent solutions using Bio-Spin 6 columns (Bio-Rad) and diluted 

to a final concentration of 50 µM (per monomer) prior to analysis in the relevant solution, except 
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where different concentrations are noted. Samples were allowed to briefly equilibrate at room 

temperature prior to analysis, but no significant changes were observed in the oligomeric state 

distributions over time or at colder temperatures. For TM-AM2, the peptide was synthesized as 

previously described30 and diluted to 50 µM in each detergent solution. For drug binding 

experiments, amantadine (Sigma Aldrich) was diluted to 1.5, 0.75, 0.375, and 0.188 mM in water. 

0.5 µL of amantadine was added to 4.5 µL of AM2, for a final drug concentration of 150, 75, 37.5, 

and 18.8 µM. Mixtures were incubated with amantadine for 5−10 minutes prior to analysis.  

4.2.2 NANODISC ASSEMBLY AND SAMPLE PREPARATION 

AM2 nanodiscs were assembled using a 4:1 AM2 to nanodisc ratio. Lower ratios of 

incorporation showed less AM2 incorporated and higher ratios showed complex spectra that were 

difficult to resolve and interpret. For nanodiscs containing DMPC and DMPG lipids, the lipids 

(Avanti Polar Lipids) solubilized in cholate (Sigma Aldrich) were added at an 80:1 ratio of lipid 

to membrane scaffold protein (MSP). Details on MSP expression and purification are provided in 

the Supporting Information. For nanodiscs containing DPPC lipids, the lipids were added at a 90:1 

ratio of lipid to MSP. All nanodiscs were assembled overnight by adding Amberlite XAD-2 

hydrophobic beads (Sigma Aldrich) at the phase transition temperature of the lipid. To isolate 

nanodiscs containing AM2 from empty nanodiscs, nanodiscs were purified using a HisTrap HP 1 

mL column (GE Healthcare). The column was equilibrated with buffer containing 40 mM Tris, 

0.3 M NaCl, and 20 mM imidazole at pH 7.4. AM2 nanodiscs were then eluted from the column 

with buffer containing 40 mM Tris, 0.3 M NaCl, and 400 mM imidazole at pH 7.4. Nanodiscs 

were then concentrated and purified on a Superose 6 10/300 GL (GE Healthcare) equilibrated with 

0.2 M ammonium acetate. For all nanodisc drug binding experiments, 1 µL of 400 or 800 µM drug 
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were added to 9 µL of nanodiscs for final drug concentrations of 40 and 80 µM. These samples 

were allowed to incubate for ten minutes at room temperature prior to analysis.  

Nanodiscs for peptide experiments were assembled at a 90:1 and 80:1 ratio of lipid to MSP 

for DPPC and DMPC nanodiscs respectively. All nanodiscs were assembled overnight by adding 

Amberlite XAD-2 hydrophobic beads (Sigma Aldrich) at the phase transition temperature of the 

lipid. Nanodiscs were then purified on a Superose 6 10/300 GL (GE Healthcare) equilibrated with 

0.2 M ammonium acetate. After purification, all nanodiscs were diluted to a final concentration of 

2.2 µM. Nanodiscs were then mixed with peptide at a 16:1, 8:1, 4:1, 2:1, and 1:1 ratio of peptide 

to nanodisc and allowed to incubate for 30 minutes at room temperature prior to analysis.   

4.2.3 NATIVE MASS SPECTROMETRY  

Native MS was performed using a Q-Exactive HF Orbitrap (Thermo Scientific, Bremen) 

mass spectrometer with ultra-high mass range modifications except where noted as a Synapt XS 

Q-ToF mass spectrometer (Waters Corporation, Manchester). The native mass spectra were 

deconvolved and quantified using UniDec, and macromolecular mass defect analysis was used to 

quantify the stoichiometries of AM2 and amantadine in nanodiscs.157, 158, 183 Full details are 

provided in the Supporting Information. Prior published results with streptavidin, a similarly sized 

tetramer, with similar instrument conditions provided a positive control demonstrating the ability 

of native MS to preserve and detect specific noncovalent complexes of the same size.183 Similar 

experiments on a small transmembrane protein complex, semiSWEET, also demonstrate the ability 

of native MS to detect specific complexes of small membrane proteins.118 
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4.2.4 PROTEIN EXPRESSION AND PURIFICATION 

The full-length AM2 with C-terminal polyhistidine tag and cysteines converted to serines 

was overexpressed in BL21(DE3) pLysS cells. The sequence is shown in Figure 4-1A without the 

N-terminal methionine, which is cleaved during expression. Cells were grown at 37 °C in terrific 

broth media (Thermo Fisher Scientific) to an optical density of 0.8-1.0. Overexpression was 

induced with isopropyl β-d-1-thiogalactopyranoside at a final concentration of 1 mM for three 

hours, and cells were then harvested through centrifugation. Cells were resuspended in lysis buffer 

containing 150 mM NaCl, 50 mM Tris, 40 mM octyl-glucoside (OG), and protease inhibitor. After 

resuspension, cells were lysed using the LM20 Microfluidizer High Sheer Homogenizer. Lysed 

cells were then stirred at 4 °C for 1–3 hours to allow for membrane solubilization. The lysate was 

clarified through centrifugation at 48,380×g for 20 minutes. Prior to protein purification, a HisTrap 

HP 5 mL column (GE Healthcare) was equilibrated with buffer A (150 mM NaCl, 50 mM Tris, 40 

mM OG, 20% glycerol, and 20 mM imidazole). The sample was then filtered, loaded to the 

column, and washed with 10–15 column volumes of buffer A. To remove any nonspecific protein 

binding, the column was then washed with 5–10 column volumes of 5% buffer B (150 mM NaCl, 

50 mM Tris, 4 mM OG, 20% glycerol, and 300 mM imidazole). AM2 was then eluted with 100% 

buffer B. It was then diluted with buffer A to a final monomer concentration of 580 µM, aliquoted, 

and flash frozen. The S31N mutant of AM2 was expressed and purified using the same protocol 

as AM2 wild type.  

Membrane scaffold protein, MSP1D1(–) was expressed and purified as previously 

described.159, 244 Briefly, MSP1D1 was expressed in E. coli and purified using immobilized metal 

affinity chromatography (IMAC). Following cleavage of the polyhistidine tag, MSP1D1(–) was 

purified by reverse IMAC.  



93 
 

4.2.5 NATIVE MASS SPECTROMETRY 

Native mass spectrometry was performed as previously described157, 183 using a Q-Exactive 

HF Orbitrap (Thermo Scientific, Bremen) mass spectrometer with Ultra-High Mass Range 

Modifications except where stated otherwise. Nano-electrospray ionization in positive ion mode 

was performed using borosilicate needles pulled using a P-1000 micropipette puller (Sutter 

Instruments).  

Detergent-solubilized AM2 was analyzed with a range of 1,500−15,000 m/z at a resolution 

of 15,000. The trapping gas pressure was set to 5, and the spray voltage ranged from 1.1−1.5 kV. 

To aid in desolvation and detergent removal, 10−50 V of higher-energy collisional dissociation 

(HCD) energy and 10–50 V of source fragmentation were applied to each sample, as previously 

described.183 The precise collision voltages were adjusted slightly for each sample, and results are 

shown for the lowest value that gave a well-resolved spectrum. An open vial with 2–5 mL of 

acetonitrile was placed in the source of the mass spectrometer to allow for vapor charge reduction 

of all samples, which we found helped stabilize complexes during native MS.245 Mass 

spectrometry data was collected as single measurements for three sets of dilutions after the protein 

was buffer exchanged. Spectra are shown for a single representative replicate, and error bars show 

the standard deviation of the three replicates.    

Nanodiscs were analyzed with a range of 2,000−25,000 m/z at a resolution of 15,000. The 

trapping gas pressure was set to 5 with a spray voltage of 1.1−1.3 kV. For nanodiscs with 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1,2-dimyristoyl-sn-glycero-3-

phosphorylglycerol (DMPG) lipids, 50−100 V of HCD collisional energy and 10−50 V of source 

voltage was applied to aid in the desolvation. To aid in the analysis of 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) nanodiscs, a super charging reagent, propylene carbonate, was added 
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prior to ionization at 5% propylene carbonate by volume.157 For DPPC nanodiscs, 100−200 V of 

HCD collisional activation was added to remove propylene carbonate. Representative spectra are 

shown from three replicate nanodisc assemblies. 

Ion mobility-mass spectrometry (IM-MS) analysis was performed on 

a Synapt XS HRMS Q-ToF mass spectrometer (Waters Corporation, Manchester) using a nano-

electrospray ionization source with borosilicate glass capillaries prepared as described above. MS 

conditions were applied to remove detergent adducts without disrupting structure prior to 

detection with instrument parameters as follows: capillary voltage, 1.5–1.8 kV; sampling 

cone, 150 V; trap collision energy, 100 V; transfer collision energy, 10 V; trap gas, 10 

mL/min; helium cell gas, 120 mL/min; backing gas, 2.85 mbar. The parameters for IM were as 

follows: IM cell wave height, 40 V; IM cell wave velocity, 1000 m/s; transfer wave height, 4 V; 

transfer wave velocity, 69 m/s. Arrival time distributions (ATDs) were viewed 

using DriftScope 2.9 (Waters Corporation). CCS values were calculated as previously described 

using standards with published values.2 All reported CCS values were the result of triplicate 

experiments, and error bars are shown as the standard deviation of the CCS for different charge 

states.  

4.2.6 NATIVE MS DATA ANALYSIS 

The native mass spectra for AM2 solubilized in detergent were deconvolved using UniDec 

as previously described.183 The settings for the deconvolution of AM2 in all conditions included a 

mass range of 1−110 kDa, a charge range of 1−50, and a FWHM of 1 m/z. A curved background 

subtraction of 100, as well as point smooth width of 1 and a beta value of 50 were also applied for 

all data.149, 246 The native mass spectra for the AM2 nanodiscs were analyzed using UniDec as 
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previously described.153 The mass range was extended to an upper limit of 250 kDa. For nanodiscs 

made of DMPG and DMPC lipids, the charge range was set 1−25. For nanodiscs made of DPPC 

lipids, the charge range was set 1−16. The mass of the lipid was used with mass smoothing set to 

-1.  

To determine the stoichiometry of both full-length AM2 and TM-AM2 in nanodisc 

samples, we used mass defect analysis.153, 222 Mass defect analysis divides the mass of the sample 

by a reference mass (the mass of the lipid), and the remainder of the division is then plotted. The 

plotted remainder is then normalized between 0 and 1.153 Nanodiscs with the same number of 

proteins or peptides associated but varying numbers of lipids incorporated will have the same mass 

defect. This allows for us to sum the mass defect of the protein or peptide across nanodiscs with 

different numbers of total lipids, yielding the overall mass defect distribution. Mass defect analysis 

thus reveals the number of AM2 molecules associated with an intact nanodisc inside the mass 

spectrometer. The addition of each full-length AM2 incorporated into the nanodisc also shifted the 

overall mass of the complex by about 10 kDa, which further helped in the assignment of the 

stoichiometry of the protein-nanodisc complexes.   

4.2.7 AM2 MODEL STRUCTURES AND PREDICTED COLLISIONAL CROSS SECTIONS 

CCS values expected for native, globular proteins were determined using the empirical 

relationships between mass and CCS for a variety of proteins.247, 248 Model structures of AM2 

oligomers were generated in PyMol249 using PDBs 2N70250 and 4N8C251 as templates for the 

transmembrane and intracellular domains. Any discrepancies in sequence were changed, and 

missing extracellular domain residues were added manually in PyMol to generate a model AM2 

monomer. This monomeric structure was then subjected to a brief (1 ns) relaxation in water using 
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GROMACS, and the resulting simulated structure was used to construct all model oligomeric 

complexes with PDB 2KIH38 as a template for subunit arrangement.  

In vacuo molecular dynamics simulations of each model AM2 structure were then 

performed using the GROMOS96 43a2 force field in GROMACS, as previously described.252 

Briefly, the center of the experimental charge state distribution was chosen for each AM2 

oligomer, and a low-energy configuration of positive charges was determined using the charge 

placement algorithm in Collidoscope.253 This configuration was used to assign charges during 

topology file generation, and then each model AM2 structure was allowed a brief energy 

minimization step, followed by a 5 ns in vacuo MD production run at 300 K with a modified 

Berendsen thermostat. CCSs for simulated structures were computed using nitrogen buffer gas and 

the Trajectory Method in Collidoscope after identifying a low-energy charge configuration for the 

compacted structures. 

4.2.8 SIZE EXCLUSION CHROMATOGRAPHY 

Analytical size exclusion chromatography (SEC) was performed using a Superdex 200 

Increase 10/300 (GE Healthcare) equilibrated with 1 column volume of each solution, and 100 µL 

of concentrated AM2 (580 µM) was injected in duplicate. 

4.2.9 ANALYTICAL ULTRACENTRIFUGATION 

Samples for analytical ultracentrifugation (AUC) were prepared similarly to native MS 

samples by buffer exchanging full-length AM2 into 0.2 M ammonium acetate at pH 5 with twice 

the critical micelle concentration of either C8E4 or LDAO detergent with a final protein 

concentration of 2 mg/ml. Experiments were performed using a Beckman Optima Analytical Ultra 

Centrifuge with a 4 cell An-60 Ti rotor. After equilibrating 4 hours at 25 °C, samples were spun at 
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40,000 rpm for sedimentation velocity experiments. The absorbance data was collected at 280 nm 

every 2 minutes overnight (>12 hours or until the baseline was well established by protein 

depletion). All AUC data was collected in triplicate from separate spins. Data from absorbances at 

280 nm were fit with direct boundary modeling and analyzed using the c(s) distribution in Sedfit.254 

Buffer density was estimated at 1.00 g/L, and the viscosity was assumed to be 1.00 cP. Partial 

specific volume for the protein was assumed to be 0.73 mL/g.   

4.2.10 LIPOSOME ASSAYS 

Proton flux assays were performed on AM2 by assembling AM2 into liposomes made of 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids. Liposomes were assembled 

 

Figure 4-1 Native MS reveals the oligomeric state distribution of AM2. (A) The sequence of 
AM2 with the short extra-viral domain colored in yellow, the transmembrane domain in pink, 
and the intra-viral region in blue. (B) A schematic of ESI with CID to remove detergent from 
AM2, (C) the mass spectrum of AM2 (at 50 µM per monomer) in C8E4 detergent at pH 5, 
(D) the deconvolved mass spectrum, and (E) the extracted normalized peak areas of each 
oligomeric state. 
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with 10 mg of POPC solubilized in 0.1 M sodium cholate, 20 nmol of full-length AM2 solubilized 

in OG detergent, and 0.2 nmol of valinomycin. The internal liposome buffer (50 mM phosphate, 

50 mM citrate, 122 mM KCl and 122 mM NaCl) was added to a final mixture volume of 500 µL. 

Amberlite XAD-2 hydrophobic beads (Sigma Aldrich) were added to the mixture, and liposomes 

were assembled at 4 °C. The liposomes were then extruded, and the assay was performed as 

previously described.38 Solution pH measurements were made using a pH microelectrode (InLab) 

and measurements were made each second. Assays were performed by adding 2 µL of 1 M HCl 

to the solution being mixed with a stir bar. An increase in the solution pH after acid was added 

was only observed in liposomes where both AM2 and valinomycin were present. Controls were 

 

Figure 4-2: The average relative peak areas measured by native MS of different oligomeric 
states of WT full-length AM2 (at 50 µM monomer) at pH 5 (A, D, G, J, M, P), pH 7 (B, E, H, 
K, N), and pH 9 (C, F, I, L, O, Q) while solubilized in C8E4 (A–C), LDAO (D–F), DDM (G–
I), OG (J–L), DPC (M–O), and LMNG (P, Q). AM2 was not stable in pH 7 with LMNG and 
no mass was detected under these conditions. Error bars indicate the standard deviation of 
measurements from triplicate samples. Representative native mass spectra of select 
conditions are shown in Figure 3.2. 
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performed on liposomes without AM2 and without valinomycin, and there was no proton flux 

measured in these conditions.  

4.3 RESULTS 

4.3.1 AM2 OLIGOMERIZATION IS SENSITIVE TO DETERGENT AND PH  

Our initial goal was to investigate drug binding to AM2 using native MS. Based on prior 

studies,233, 235, 238 we expected to find a monodisperse AM2 tetramer. However, initial results 

immediately revealed a more complex oligomeric state distribution. To identify conditions that 

 

Figure 4-3: Representative native mass spectra with the deconvolved mass spectra in the 
inset of AM2 (at 50 µM per monomer) solubilized in (A) C8E4 at pH 5, (B) LDAO at pH 7, 
(C) OG at pH 9, (D) LDAO at pH 5, (E) DDM at pH 7, and (F) LMNG at pH 9. Each 
detergent is shown above the spectrum. Average oligomeric state distributions collected in 
triplicate are shown in Figure 4-2. 
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would promote the formation of a monodisperse tetramer, we performed native MS on full-length 

AM2 to quantify the oligomeric state distribution (Figure 4-1) in a range of different conditions. 

We screened different detergents by exchanging AM2 into solution containing tetraethylene glycol 

monooctyl ether (C8E4), lauryldimethylamine oxide (LDAO), n-octyl-β-D-glucopyranoside 

(OG), n-dodecyl-phosphocholine (DPC), n-dodecyl-β-maltoside (DDM), and lauryl maltose 

neopentyl glycol (LMNG). We selected detergents that have been previously used for AM2 

structural biology studies, including OG and DPC,3, 7, 255-257 as well as detergents that are 

commonly-used for native MS, such as C8E4, LDAO, and DDM.113, 258 LMNG was selected for 

additional structural diversity. For each detergent, we tested pH 5, 7, and 9, which encompass the 

 

Figure 4-4: Native mass spectra and deconvolved mass spectra (inset) of WT full-length 
AM2 (at 50 µM monomer) in C8E4 detergent at pH 9 (A–C) and in LDAO at pH 5 (D–F) 
shown for three separate replicates. 
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pH conditions that have been previously investigated with AM2.259, 260 Selected spectra are shown 

in Figure 4-3 with oligomeric state distributions for all plotted in Figure 4-2. 

We began by investigating C8E4, which is commonly used for native MS because it is easy 

to dissociate from membrane proteins.261, 262 At all pH conditions tested for C8E4, AM2 showed a 

Table 4-1: The theoretical masses, mean measured masses, and standard deviation of the 
mass measurement of AM2 in C8E4, LDAO, and OG detergents at pH 5 and 9.  
 

Theoretical Mass (Da) Mean Measured Mass (Da) Standard Deviation (Da) 

11810 11821.0 19.8 

23620 23616.7 0.5 

35430 35447.9 20.9 

47240 47280.8 12.8 

59050 59090.6 13.2 

70860 70940.2 22.1 

 

 

Figure 4-5: The average relative peak areas measured by native MS of different oligomeric 
states of WT full-length AM2 solubilized in C8E4 at AM2 monomer concentrations of (A, F) 
13, (B, G) 25, (C, H) 50, (D, I) 100, and (E, J) 200 µM at pH 5 (A-E) and pH 9 (F-J). 
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polydisperse mixture of oligomers that ranged from dimers to hexamers (Figures 4-2, 4-3A and 4-

5, Table 4-1). The precise oligomeric state distribution varied somewhat between replicate 

measurements, potentially indicating more dynamic oligomers (see Figure 4-4). Our interpretation 

is that these more variable oligomers are more sensitive to minor fluctuations in the chemical 

environment between samples, but the overall trend of forming polydisperse oligomers is highly 

reproducible. When it was diluted at pH 5, AM2 shifted to lower oligomeric states, indicating 

weaker interactions in this condition, but it retained higher order oligomers upon dilutions at pH 9 

(Figure 4-5). Overall, AM2 in C8E4 was relatively polydisperse and not heavily influenced by the 

pH.  

In contrast, the oligomeric state of AM2 was more monodisperse and highly dependent on 

pH when it was solubilized in LDAO. At pH 6 and below, AM2 in LDAO was almost exclusively 

 

Figure 4-6: Representative native mass spectra with deconvolved mass spectra (inset) of 
AM2 (at 50 µM per monomer) solubilized in LDAO detergent at pH (A) 6, (C) 7, (D) 8, (E) 
9, with (B) a schematic of the different oligomers of AM2 versus pH where the sizes of the 
oligomers indicate their relative intensities in the spectra. The average oligomeric state 
distributions collected in triplicate are shown in Figure 4-7. 
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hexameric, with a small amount of pentamer present (Figures 4-4, 4-6, and 4-7). Additionally, 

there was almost no variation among replicates of AM2 under this condition, indicating the 

formation of specific hexameric complexes. However, at pH 7, AM2 in LDAO formed a 

polydisperse mixture from dimers to hexamers (Figures 4-2 and 4-6C). At pH 8 and 9, AM2 was 

less polydisperse than at neutral pH, forming primarily tetramer with a significant amount of trimer 

(Figure 4-6D and E). In contrast with C8E4, these more monodisperse oligomers at pH 5 and 9 

remained intact upon dilution, further confirming their specificity (Figure 4-8). Overall, AM2 

formed more selective complexes in LDAO detergent, and the oligomeric states were strongly 

influenced by the pH.  

 

 

Figure 4-7: The average relative peak areas measured by native MS of different oligomeric 
states of WT full-length AM2 (at 50 µM monomer) at pH 4 (A, G, M), pH 5 (B, H, N), pH 6 
(C, I), pH 7 (D, J, O), pH 8 (E, K), and pH 9 (F, L, P) while solubilized in C8E4 (A–F), 
LDAO (G–L), and DDM (M-P). AM2 was not stable in DDM at pH 6 and 8, so no data is 
shown. Representative native mass spectra of AM2 in LDAO are shown in Figure 4-6. 
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The pH also had strong influences on the oligomerization of AM2 in DDM (Figure 4-2 and 

4-7). At pH 7 and below, AM2 was primarily a mixture of tetramers and pentamers. At pH 9, AM2 

in DDM was predominantly trimer with significant amounts of dimer and tetramer (Figure 4-7). 

These oligomers also remained intact upon dilution (Figure 3.8). In contrast, the solution pH did 

not appear to have a strong influence on the oligomerization of AM2 in OG and DPC detergents 

(Figure 4-6). Despite the fact that AM2 has previously been studied in OG and DPC detergents,3, 

256, 257, 263 we did not observe monodisperse tetramers, perhaps due to the lower concentrations 

used here. Instead, there was a general preference for dimer and hexamer. In LMNG, AM2 

preferred dimer and trimer at both pH 5 and 9 but was not stable at pH 7 (Figures 4-2 P–Q).  

Because oligomerization is driven by the transmembrane domain, we next tested the TM 

domain peptide oligomeric state in select conditions. Similar to the full-length protein, TM-AM2 

 

Figure 4-8: The average relative peak areas measured by native MS of different oligomeric 
states of WT full-length AM2 solubilized in LDAO at an AM2 monomer concentrations of 
(A, F) 13, (B, G) 25, (C, H) 50, (D, I) 100, and (E, J) 200 µM at pH 5 (A-E) and pH 9 (F-J).  
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was polydisperse in C8E4 and OG (Figure 4-10). In LDAO, TM-AM2 was monodisperse and 

mostly hexameric at low pH but transitioned to polydisperse above pH 7 (Figure 4-10). 

Interestingly, TM-AM2 appeared to have slightly higher preferences for tetramer and hexamer 

than the full-length AM2 in C8E4 and LDAO detergents. However, the TM peptide overall 

qualitatively agreed with results from the full-length protein. 

Overall, although tetramers were preferred in several conditions, there were no conditions 

where we found exclusively tetramers (Fig 4-2 and 4-10). Instead, we discovered that AM2 

oligomerization is influenced by both its detergent environment and solution pH. Depending on 

the conditions, AM2 can form either highly variable and polydisperse oligomers or relatively 

selective oligomers of different sizes. Interestingly, the most stable and monodisperse oligomer 

we found was the hexamer in LDAO under acidic conditions (Figure 4-6A). It is known that AM2 

 

Figure 4-9:  The average relative peak areas measured by native MS of different oligomeric 
states of WT full-length AM2 solubilized in DDM at an AM2 monomer concentrations of (A, 
F) 13, (B, G) 25, (C, H) 50, (D, I) 100, and (E, J) 200 µM at pH 5 (A-E) and pH 9 (F-J). 
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is a pH-mediated proton channel, and it is possible that the LDAO detergent is the only conidition 

tested that allows for the remodeling of the AM2 oligomer into this hexameric form. 

4.3.2 ORTHOGONAL MEASUREMENTS SUPPORT OLIGOMERIC VARIABILITY 

Native MS gives accurate relative quantitation for similar species across narrow m/z ranges, 

but differences in ionization, transmission, and detector efficiency make quantitation across wide 

m/z ranges difficult.264 To help rule out instrumental biases, we repeated select measurements using 

a mass spectrometer with a different type of detector. Both the Orbitrap and time-of-flight (ToF) 

detectors gave similar results (Figures  4-11 and 4-12), which support our qualitative conclusions 

and demonstrates that the results are consistent on different types of mass spectrometers.  

We also used ion mobility-mass spectrometry to measure the collisional cross section 

(CCS) of some of the complexes (Figure 4-11 and 4-13).247, 265 We modeled potential structures 

 

Figure 4-10: The average relative peak areas of the different oligomeric states of the TM 
domain of WT AM2 (at 50 µM per monomer) at pH 5 (A, D, G), pH 7 (B, E, H), and pH 9 
(C, F, I) while in C8E4 (A–C), LDAO (D–F), and OG detergents (G–I). Error bars indicate 
the standard deviation of measurements from triplicate samples. 
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assuming oligomerization of the transmembrane domain and disordered soluble domains.252 Our 

experimental CCS values agreed with modeled gas-phase structures, where the disordered regions 

collapse. Our results also matched predicted CCS values for globular proteins of a similar size,247 

and the observed charge states are also consistent with a compact structure. Together, these results 

point to compact oligomers consistent with oligomerization in the transmembrane domain. Based 

on the observed charge states and CCS values, we can rule out highly extended oligomeric 

structures and also rule out gas-phase dissociation, which would cause unfolding of the complex 

and higher CCS values. Also, we would expect any dissociation or complex disruption during 

native MS to yield a significant population of monomers, which are generally absent. Thus, there 

is no evidence for complexes being disrupted during native MS. In our interpretation of the data, 
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we have been careful to avoid any conclusions that could be distorted by different ionization 

efficiencies. 

Although both instruments showed similar oligomeric state distributions, we cannot rule 

out differences in ionization efficiency that could skew the distribution measured by native MS. 

To further confirm our results, we performed size-exclusion chromatography (SEC) with AM2 in 

select conditions. It is challenging to directly compare the elution times between different 

detergents because the micelle sizes can vary. However, qualitative comparisons of the 

chromatograms of AM2 in different conditions supported the native MS results. Conditions with 

a wide range of oligomers in native MS, such as C8E4 at pH 9, had broader SEC peaks and more 

 

Figure 4-11: Representative spectrum of IM-MS data for WT full-length AM2 in C8E4 pH 9 
(at 50 µM monomer). 

 

 

Figure 4-12: Native mass spectrum measured with the Synapt XS Q-ToF mass spectrometer 
of WT full-length AM2 (at 50 µM monomer) solubilized in LDAO detergent at pH 5 with the 
deconvolved mass spectrum in the inset. Similar to results from an Orbitrap mass 
spectrometer (Figure 2D), a mostly monodisperse hexamer of AM2 is observed. The CCS 
value for the hexamer is 4497 ± 66 Å2. 
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variability between replicate injections (Figure 4-14). In conditions where AM2 was more 

monodisperse, such as LDAO at pH 5, we saw narrower and more reproducible peaks.  
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Similarly, analytical ultra-centrifugation (AUC) was also performed on full-length AM2 in 

 

Figure 4-13: Experimental collisional cross sections (CCS) of AM2 oligomers in C8E4 at pH 
9 (purple) compared to CCSs expected for native globular proteins (green) and to CCSs 
calculated for model structures (blue). A linear fit to the experimental data is annotated and 
shows that each monomer added to the oligomeric complex contributed around 638 Å2 in 
CCS. 

 

 

Figure 4-14: The relative absorbances at 280 nm of AM2 in LDAO pH 5, C8E4 pH 5, OG 
pH 5, C8E4 pH 9, and C8E4 pH 9 with 300 µM amantadine during size exclusion 
chromatography. For comparison, standards were analyzed on the same column: 
thyroglobulin (eluted at 9.2 mL), catalase (9.6 mL), alcohol dehydrogenase (12.96 mL). 
carbonic anhydrase (16.39 mL), and ribonuclease A (17.59 mL). Duplicate injections are 
shown for each. 
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LDAO and C8E4 at pH 5. AUC trends were consistent with native MS. The more polydisperse 

sample (C8E4) showed several species with AUC, while the more monodisperse sample (LDAO) 

showed one single species (Figure 4-15). Thus, these data help support the qualitative descriptions 

of the oligomeric state distributions and also show changes in the size and polydispersity of the 

complex in response to the chemical environment.  Together, these orthogonal measurements 

support the qualitative conclusions from native MS. 

 

Figure 4-15: The fit sedimentation coefficients (s20,w) from AUC of WT full-length AM2 
solubilized in LDAO and C8E4 at pH 5 shown in triplicate.  
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4.3.3 DRUG BINDING CAN REMODEL AM2 OLIGOMERS  

We next measured the effects of amantadine, a clinically-approved inhibitor of AM2,266 by 

adding the drug at different concentrations in all the detergent and pH conditions. Interestingly, 

we discovered a shift in the oligomerization when amantadine was added to AM2 in C8E4 at pH 

9. At low concentrations of amantadine, AM2 formed a range of variable oligomers. At higher 

concentrations of amantadine, AM2 shifted towards relatively monodisperse tetramers (Figure 4-

16). A similar trend was observed on the ToF platform (Figure 4-17). We also compared  the drug-

resistant S31N mutant of AM2 under the same conditions.267 Even at high concentrations of 

amantadine, there were no major changes in the oligomeric state of AM2 S31N.  

The S31N mutant appeared to have a similar oligomeric state distribution without added 

drug (Figure 4-18). Further experiments in a range of different detergents, pH conditions, and with 

 

Figure 4-16: The average oligomeric state of AM2 wild type (A-E) and drug-resistant S31N 
(both at 50 µM per monomer) (F-J) with 0 µM (A, F), 19 µM (B, G), 37 µM (C, H), 75 µM 
(D, I), and 150 µM (E, J) amantadine added. Both AM2 WT and S31N were solubilized in 
C8E4 at pH 9.  
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the full-length and TM peptides of the S31N mutant revealed an overall qualitatively similar 

oligomeric state pattern (Figure 4-19). The S31 mutant was generally polydisperse in most 

conditions but formed monodisperse hexamers in LDAO at pH 5. However, there was some bias 

 

Figure 4-17: The average relative peak areas of different oligomeric states of WT full-length 
AM2 in C8E4 (at 50 µM monomer) at pH 9 with increasing concentrations of amantadine 
added measured with the Synapt XS Q-ToF mass spectrometer. Increasing concentrations of 
drug drive formation of more monodisperse tetramer complexes.  

 

 

Figure 4-18: The average relative peak areas measured by native MS of different 
oligomeric states of full-length AM2 S31N (at 50 µM per monomer) at pH 5 (A, D, G), 
pH 7 (B, E, H), and pH 9 (C, F, I) while solubilized in C8E4 (A–C), LDAO (D–F), and 
OG (G–I). Error bars indicate the standard deviation of measurements from triplicate 
samples. 
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towards dimer, suggesting the mutation may affect the oligomeric state distribution in some 

conditions. 

One important limitation of these experiments is that we only observed shifts in the 

oligomeric state distribution in C8E4 detergent at pH 9. It has been previously found that 

amantadine preferentially binds under basic conditions, so it is not surprising that we only 

measured changes at higher pH.268 The lack of response in other detergents may be because  these 

detergents cause AM2 to form oligomers with lower drug binding affinity or oligomers with 

stronger protein-protein interactions that are not easily altered by the drug. AM2 shows the least 

oligomeric specificity in C8E4, so this set of conditions is perhaps most susceptible to shifts in the 

oligomeric state distribution caused by the drug.  

 

Figure 4-19: The average relative peak areas of the different oligomeric states of the TM 
domain of AM2 S31N (at 50 µM monomer) at pH 5 (A, D), pH 7 (B, E), and pH 9 (C, F) 
while in C8E4 (A–C) and LDAO detergents (D–F). The error bars indicate the standard 
deviation of measurements from triplicate samples. 
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Another limitation is that only very small signals for drug bound to AM2 were observed, 

despite the high concentrations added and clear shifts in the oligomeric state distribution induced 

by drug binding. The lack of signal from bound drug is likely due to gas-phase dissociation of the 

drug inside the mass spectrometer, where the activation required to remove the detergent micelle 

also likely removes the small (151 Da) bound drug. Thus, we cannot comment on whether drug is 

Table 4-2: Mass defect values for nanodiscs with different stoichiometries of AM2 that contain 
2 × 22044 Da MSP belts with DMPC, DMPG, or DPPC lipids. 

AM2 Stoichiometry DMPC DMPG DPPC 

0 0.03 0.09 0.09 

1 0.44 0.81 0.16 

2 0.86 0.51 0.25 

3 0.28 0.22 0.34 

4 0.70 0.92 0.43 

5 0.12 0.63 0.51 

6 0.54 0.34 0.60 

 

Table 4-1: Mass defect shifts for binding different stoichiometries of amantadine in 
nanodiscs made of DPPC lipids. Contributions from AM2 and MSP are not included, so 
measured mass defect values will correspond to the values from Table S1 plus the shift 
indicated here. 

Amantadine Stoichiometry 1 2 3 4 

Mass Defect Shift 0.21 0.41 0.62 0.82 
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binding in detergents, only on changes in observed oligomeric state as drug is added. Previous 

work by Pielak et al. suggested that amantadine may not be able to bind to AM2 under certain 

detergent conditions, such as in DHPC micelles, so detergents may be affecting drug binding. In 

any case, many AM2 structures have amantadine or an analogous AM2 inhibitor added, and our 

data suggest that the addition of inhibitors may help stabilize the monodisperse tetramer.193, 255, 269  

 

Figure 4-20: Native MS intensities as a function of normalized mass defect versus mass for 
(all except C) wild type and (C) S31N AM2 in nanodiscs with (A) DMPC, (B) DMPG, (C–F) 
DPPC lipids. (E) 40 µM and (F) 80 µM amantadine (AMT) were added and shifts of the 
tetramer from the dashed reference line indicate 1 or 4 AMT bound. Illustrations to the upper 
left indicate observed stoichiometries, which are circled and annotated. The cartoon shown 
above shows a schematic of directly ionizing intact AM2 nanodiscs. 
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4.3.4 AM2 IN NANODISCS SHOWS LIPID SENSITIVITY AND DRUG BINDING 

After screening AM2 in a range of detergent and pH conditions, we characterized its 

oligomerization in lipid bilayers by assembling AM2 into nanodiscs of different lipid types at a 

4:1 ratio of AM2 per nanodisc. Using the shifts in the overall mass of the nanodisc measured by 

native MS, as well as mass defect analysis (Table 4-2), we determined the stoichiometry of AM2 

embedded within the intact nanodiscs.153, 157 We first incorporated AM2 into 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) nanodiscs, which showed AM2 stoichiometries from two 

through six (Figure 4-20A). We then incorporated AM2 into 1,2-dimyristoyl-sn-glycero-3-

phosphorylglycerol (DMPG) nanodiscs, which showed less incorporation for the AM2 and only 

stoichiometries of one, two, or three within the nanodisc (Figure 4-20B). In both lipids, AM2 had 

a non-selective distribution of oligomers. In contrast, when AM2 was incorporated into 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) nanodiscs, it incorporated with stoichiometries 

of only one and four, which shows that AM2 forms specific tetramers in DPPC bilayers under 

these conditions (Figure 4-20D). The increased oligomeric specificity in DPPC nanodiscs may be 

due to the increased thickness or saturation of the lipid bilayer.29, 270 

We next added amantadine to the DPPC nanodiscs and measured drug binding by native 

MS. Without amantadine, there were two clear mass defect distributions for monomer and 

tetramer, respectively. Upon adding 40 µM amantadine, the mass defect of the monomer did not 

shift, confirming that monomeric AM2 did not bind the drug. However, there were clear shifts in 

the mass defect of nanodiscs with AM2 tetramers. The first shift corresponded to AM2 tetramers 

with one amantadine bound (Figure 4-20E and Table 4-3). Interestingly, there was also a second 

shift in the mass defect that corresponded to AM2 tetramer with four amantadine bound. At 80 µM 

amantadine, the relative intensity of the single-bound state diminished, and the four-bound state 
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became more abundant. DMPC nanodiscs also showed shifts characteristic of drug binding, but 

the more complex oligomeric state distribution prevented conclusive assignments. 

These data agree with existing structures that show AM2 can have one drug bound at lower 

concentration and four drugs bound at higher concentrations.193, 271 Specifically, the allosteric 

binding site located at the helix interface has been previously shown by solution NMR.193 Surface 

plasmon resonance experiments further demonstrated the coexistence of pore binding and 

allosteric binding sites in AM2.271 Recent high-resolution X-ray crystal structures showed that 

amantadine binds specifically to the pore of the AM2 channel at a one drug per channel ratio at 

low drug concentrations.3 Additionally, at high drug concentrations, rimantadine, an amantadine 

analog, also binds non-specifically to the AM2 helix interface at a four drug per channel ratio.271 

Overall, our results from native MS are consistent with prior literature describing binding of 

amantadine to AM2 in first a 1:4 and a 4:4 ratio, with the later more prevalent at high concentration.  

To confirm specificity of drug binding, we incorporated drug-resistant AM2 S31N into 

DPPC nanodiscs (Figure 4-20C). AM2 S31N assembled into DPPC nanodiscs in stoichiometries 

 

Figure 4-21: Native MS intensities as a function of normalized mass defect versus mass for 
S31N full-length AM2 in DPPC nanodiscs with (A) 0 µM, (B) 40 µM, and (C) 80 µM 
amantadine. 
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of one, two, and three, suggesting that the mutant did not form specific complexes. Thus, the 

oligomerization of AM2 S31N appears to be different from the wild type in nanodiscs (Figures 4-

16 and 4-20). Importantly, AM2 S31N nanodiscs did not show any mass defect shifts upon addition 

of amantadine, confirming specificity of drug binding (Figure 4-21).  

4.3.4 AM2 TM DOMAIN BEHAVIOR IN NANODISCS 

Finally, we investigated the oligomerization of TM-AM2 in lipid nanodiscs by directly 

adding TM-AM2 to pre-formed nanodiscs. With increasing concentrations of TM-AM2 in DMPC 

nanodiscs, we measured a mixture of zero, two, four, and six TM-AM2 incorporated into the 

nanodisc (Figure 4-22 A–D). There have been previous studies of TM-AM2 where has been 

observed as a dimer of dimers,250 so it is not surprising that TM-AM2 incorporated in units of two 

in the nanodisc. Our TM-AM2 results also differed from the more random pattern of incorporation 

 

Figure 4-22: Native MS intensities as a function of normalized mass defect versus mass for 
the WT TM-AM2 in DMPC nanodiscs (A–D) and DPPC nanodiscs (E–H), with no TM-AM2 
added (A, E), a 4:1 ratio (B, F), an 8:1 ratio (C, G), and a 16:1 ratio of TM-AM2 to nanodisc. 
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that we measured with the full-length AM2. The difference between the full-length and TM AM2 

reveals that the disordered cytosolic region of the full-length AM2 may influence the 

oligomerization of AM2 within DMPC lipid bilayers. In contrast, with DPPC nanodiscs, we saw 

a very similar trend to the full-length AM2 (Figure 4-22 E–H), with TM-AM2 being incorporated 

in units of four but with a small amount of monomer present.  

4.4 DISCUSSION  

Here, we used native MS to study the oligomerization of full-length and TM-AM2 in 

different pH conditions, detergents, lipid bilayers, and with added drug. In nearly all the detergent 

and pH combinations screened, AM2 had different patterns of oligomerization, which reveals two 

 

Figure 4-23: Liposomal proton flux assay of WT full-length AM2 embedded within POPC 
liposomes. The assay was performed by adding acid to the external solution. The pH was 
measured as protons were transported by full-length AM2 to the interior of the liposome, 
which increased the pH of the external solution. 
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key conclusions. First, AM2 is not exclusively a tetramer. Second, AM2 can be sensitive to its 

chemical environment, showing different oligomeric states in different pH and lipid/detergent 

conditions. There are two potential interpretations of these surprising results. On one hand, it may 

be that the tetramer is the true physiological state of AM2. In this case, our results reveal that it 

can be challenging to capture the pure tetramer in detergent and even some lipid bilayers. Native 

MS thus reveals conditions that favor or disfavor the true physiological oligomer. For example, 

AM2 has a strong propensity to form tetramers in DPPC nanodiscs. In contrast, our results with 

OG and DPC detergents do not show monodisperse tetramer as would be expected from past NMR 

and AUC studies in these detergents.3, 7, 255, 257, 272 It could be that differences in protein or detergent 

concentrations, peptide length, or other experimental conditions caused these discrepancies. Our 

results generally show more robust tetramer in bilayers over detergents, with drug added, and with 

the TM peptide over the full-length, so these conditions may favor tetramer. Past research has 

shown significant changes in structure depending on bilayer/detergent conditions, and these 

structural changes could go beyond conformation to include changes to the oligomeric state.250  

However, another interpretation of our results is that the oligomeric states of AM2 are more 

complex than previously thought. It is very challenging to measure the oligomeric state distribution 

for small membrane proteins like this, especially if they form polydisperse oligomers.273 Past 

studies may have underestimated the true polydispersity due to limitations of the analysis 

techniques. For example, crystallization could push AM2 to form tetramer complexes or select for 

conditions where structurally monodisperse tetramers are present. Most X-ray structures of AM2 

were collected in LCP, which could favor tetramers.194, 274, 275 It is challenging to directly measure 

the oligomeric state distribution for homo-oligomers with NMR without advanced techniques that 

are not always employed.276 Furthermore, many structural studies have been conducted in the 
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presence of high drug concentrations, which may bias the drug towards a monodisperse tetramer, 

as we saw here (Figure 4-16). Native MS, despite the potential biases outlined above, provides a 

direct analysis of the oligomeric state distribution of AM2 that could reveal previously unseen 

oligomers. Past native MS studies have shown similar oligomeric pore-forming proteins, such as 

the mechanosensitive channel of large conductance (MscL),115  also form polydisperse oligomeric 

complexes that are sensitive to the local chemical environment. Conversely, other native MS 

studies have shown similarly small oligomeric membrane protein complexes to form specific 

monodisperse oligomers.277     

These results could present several new hypotheses for AM2 structure and function in a 

physiological context. First, AM2 is known to be activated by lower pH.278 Our results in LDAO 

detergent may suggest that this could be aided by shifts in oligomeric state distribution (Figure 4-

6). Other detergents do not show as clear of a shift, but higher oligomers are preferred at lower pH 

in several different conditions. It may be that AM2 forms smaller oligomers at neutral pH, but 

acidic conditions in the endosome trigger formation of larger oligomeric pores that cause the 

influenza virus to fuse with the endosomal membrane and release the nucleic acid cargo for 

replication.279  

Our results also suggest that changes in the lipid environment may affect the 

oligomerization of AM2 (Figure 4-20). DPPC nanodiscs showed specific tetramers whereas 

DMPC nanodiscs showed less selective complexes. The thickness and fluidity of the lipid bilayer 

are known to influence AM2 activity, and these functional changes may be due, in part, to changes 

in the oligomeric state distribution.270, 280 Different lipid compositions in different intracellular 

organelle membranes or between different virus strains may contribute to altering AM2 activity.281  
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Finally, our results propose a new potential mechanism of drug activity where the drug 

may affect oligomerization. It likely still blocks the channel directly or by inducing conformational 

changes, but it may have the added effect of altering the oligomeric state distribution. Similar 

effects of AM2 stabilization by drug binding have also been observed in solution and solid-state 

NMR studies.255, 282, 283 Clearly, extensive future studies will be required to test all these 

hypotheses, but our results shed new light on AM2 oligomerization and prompt a fresh perspective 

on its mechanisms that may extend to other viroporins.  

These experiments also mark a technical milestone in using native MS to measure drug 

binding to a membrane protein in an intact lipid bilayer. High-resolution native MS enabled 

detection of a 151 Da drug bound to a roughly 150 kDa intact nanodisc complex containing a 

polydisperse mixture of lipids and AM2. We were able to simultaneously determine the 

stoichiometry of the bound drug as well as which AM2 oligomer it was binding. Importantly, 

nanodiscs seemed to better preserve the drug bound complex inside the mass spectrometer than 

detergent micelles, which were unable to capture much of the bound drug. We suspect that the 

nanodisc better protects the protein-drug complex by preserving the membrane protein in its 

surrounding lipid bilayer.  

4.5 CONCLUSION 

In conclusion, we discovered that AM2 is more polydisperse than previously thought and 

can be influenced by both the pH and the surrounding membrane environment. In some conditions, 

AM2 assembles into specific complexes, but others create a dynamic mixture of oligomers. 

Overall, the application of new analytical approaches revealed unexpected biophysical insights 
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into the polydispersity and pharmacology of AM2 that may have implications for the structures 

and functions of other viroporins. 

*This chapter was reproduced in party with permissions from Townsend, J.A., Sanders, H.M., 
Rolland, A.D., et al. Influenza AM2 Channel is Sensitive to Its Chemical Environment. Anal 
Chem. 2021. 93 (48), 16273-16281. Copyright 2021 American Chemical Society. The published 
version may be found online at https://pubs.acs.org/doi/10.1021/acs.analchem.1c04660. This 
chapter contains ion mobility data that was collected by Henry Sanders, computational modeling 
that was collected by Amber Rolland and James Prell, the M2 plasmid was provided by Jun Wang, 
and guidance for the AUC experiments was provided by Nancy Horton and Chad Park.   
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CHAPTER 5 DIFFERENCES IN OLIGOMERIZATION 
OF THE SARS-COV-2 ENVELOPE PROTEIN, 
POLIOVIRUS VP4, AND HIV VPU 

5.1 INTRODUCTION 

In Chapter 4, we leveraged native MS to reveal the unexpected polydispersity of M2 from 

Influenza A,155 which suggested that other viroporins may also have complex oligomeric behavior. 

To better understand whether this polydispersity existed in all viroporins, we applied native MS to 

examine the oligomerization for a wider range of viroporins, including the envelope protein (E 

protein) from SARS-CoV-2, VP4 from Poliovirus, and viral protein U (Vpu) from HIV.  The 

SARS-CoV-2 E protein is known to self-assemble within bilayers and is believed to specifically 

transport cations, including K+, Na+, and Ca2+.53, 284 Previous structural work of the transmembrane 

domain of the E protein suggests that it forms a pentamer.5 Thus, we used native MS to investigate 

the oligomerization of the full-length E protein in diverse chemical environments. 

 Polio VP4 self-assembles to transport RNA during the viral infection cycle.285 Currently, 

there is little structural information on VP4, but it is believed that the functional form of VP4 is an 

oligomer.286 Previous experiments using chemical crosslinking and SDS-PAGE suggest that VP4 

assembles into a hexameric complex.287 Myristylation of the N-terminus is believed to be 

important in driving oligomerization and function.288 However, there are still many questions 

surrounding the oligomerization of VP4 and how this may be influenced by its environment. 

 Finally, HIV Vpu is known to self-assemble and selectively transport monovalent cations 

across the bilayer.45 There have been several different oligomeric states of Vpu proposed, ranging 

from dimer to octomer,289 but Vpu is most commonly described as a pentameric complex.290-293 

However, currently there are no structures of Vpu that have been solved as an oligomeric complex 
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and very little structural data of the full-length Vpu, even in its monomer form. Thus, there is still 

some debate around the patterns of oligomerization of the full-length Vpu.2 

 Using native MS, we explored their oligomeric state distribution of the full-length forms 

of the E protein, VP4, and Vpu in a wide range of chemical environments, including different types 

of detergent, solution pH, ionic strength, and temperature. We observed a range of specificities in 

the oligomeric states of these proteins, ranging from the dynamic and polydisperse stoichiometries 

of Vpu to the more specific dimeric complexes of the E protein. Together, the results reveal diverse 

patterns of self-assembly of viroporins. 

5.2 METHODS 

5.2.1 PROTEIN EXPRESSION AND PURIFICATION 

E Protein Expression and Purification: 

 As previously described,59 he plasmid for the KSI-E protein (UniProt ID: P0DTC4) fusion 

protein was transformed into C43 E. coli cells and grown LB media to an optical density (O.D.) 

of 0.5–0.6. Overexpression was induced with isopropyl ß-D-1-thiogalactopyranoside (IPTG) at a 

Table 5-1: The amino acid sequences and monomer molecular weight of all three viroporins 
analyzed in this study. 

Protein Sequence Molecular 
Weight 

E 
Protein 

GSMYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALR 
LCAYCCNIVNVSLVKPTVYVYSRVKNLNSSRVPDLLV 

8,475 Da 

VP4 SNAMGAQVSSQKVGAHENSNRAYGGSTINYTTINY 
YRDSASNAASKQDFSQDPSKFTEPIKDVLIKTSPMLN 

7,804 Da 
 

Vpu MQPIQIAIAALVVAIIIAIVVWSIVIIEYRKILRQRKIDRLIDRLIER 
AEDSGNESEGEISALVEMGVEMGHHAPWDIDDLAENLYFQ 

10,026 Da 
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final concentration of 1 mM for 3 hours at 37 °C before harvesting cells. Cells were then 

resuspended in lysis buffer (20 mM HEPES, 500 mM NaCl, pH 7.8). Cells were then lysed using 

a LM20 Microfluidizer High Sheer Homogenizer. After lysis, Triton X-100 was then added to a 

final concentration of 1% (v/v) to the lysate and the solution was stirred at room temperature for 1 

hour. Lysate was then clarified 48,380×g for 30 minutes at 4 °C. Supernatant was then discarded. 

The pellet remaining after centrifugation contains inclusion bodies with the protein of interest. 

This pellet was then resuspended with solubilization buffer (20 mM HEPES, 500 mM NaCl, 1% 

Fos-choline-16, 1 mM TCEP, pH 7.8) and stirred a room temperature for at least 2 hours, or until 

the inclusion bodies have been completely solubilized. The solubilized pellet is then centrifuged 

at 40,000×g for 30 minutes at 15 °C. Supernatant was then filtered.   

Prior to purification, a HisTrap HP 5 mL column was equilibrated with 10 column volumes 

of binding buffer (20 mM HEPES, 500 mM NaCl, 20 mM imidazole, 0.1% Fos-choline-16, pH 

7.8). The sample was then loaded to a 5 mL HisTrap HP column (GE Healthcare), then washed 

with approximately 10–20 column volumes of the binding buffer. Afterwards, the column was 

washed with another 10–20 column volumes of washing buffer (20 mM HEPES, 500 mM NaCl, 

50 mM imidazole, 0.1% Fos-choline-16, pH 7.8). The sample was then eluted from the column 

with HPC elution buffer (20 mM HEPES, 500 mM NaCl, 500 mM imidazole, 0.1% Fos-choline-

16, pH 7.8). Eluted protein was pooled and then dialyzed overnight at room temperature with a 10 

kDa membrane for against 4 L of dialysis buffer (20 mM HEPES, 50 mM NaCl, 1 mM EDTA, pH 

7.8). The next day, thrombin was added to cleave to fusion protein at a final concentration of 10 

U/mg and incubate again overnight.  

After the cleavage of the fusion protein, a reverse nickel purification was performed with 

a HisTrap HP 5 mL column to separate the histidine tagged KSI protein from the E protein. The 
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column was equilibrated with the binding buffer, and the sample was loaded to the column with 

the flowthrough collected. The purity of the sample was confirmed with sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and MS. The final sequence and mass of each 

protein is provided in Table 1. 

VP4 Expression and Purification 

Polio VP4 (UniProt ID: Q84868) with a TEV-cleavable 10 × His-MBP-tag was 

overexpressed in T7 Express lysY Competent E. coli (High Efficiency). Cells were grown at 37 

°C in terrific broth media (Thermo Fisher Scientific) to an O.D. of 0.6–0.8. Overexpression was 

induced with IPTG at a final concentration of 1 mM for three hours, and cells were harvested by 

centrifugation. Cells were resuspended in lysis buffer containing 150 mM NaCl, 50 mM Tris, 20 

mM imidazole at pH 7.4, and protease inhibitor. After resuspension, cells were lysed as described 

above. We found that the MBP-VP4 construct was soluble, so no detergent was added until after 

cleavage of the MBP tag (see below). The lysate was clarified through centrifugation at 25,000×g 

for 20 minutes. Prior to protein purification, a HisTrap HP 5 ml column (GE Healthcare) was 

equilibrated with buffer A (150 mM NaCl, 50 mM Tris, 20 mM imidazole at pH 7.4). The sample 

was then filtered using 0.45 µm PES filter, loaded to the column, and washed with 60 column 

volumes of buffer A. To remove any nonspecific protein binding, the column was then washed 

with 30 column volumes of 5% buffer B (150 mM NaCl, 50 mM Tris, 400 mM imidazole at pH 

7.4). His-MBP-VP4 was then eluted with 100% buffer B. It was then concentrated using 10k 

MWCO at 4,000×g for 30 minutes at 4 °C. N-Dodecyl-β-D-maltoside (DDM, Anatrace) 0.025%, 

5 mM BME, and 2 mg/ml TEV (1:50 TEV to protein) were added to the concentrated His-MBP-

VP4, and the mixture was then transferred into a 2k MWCO dialysis cassette.  
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After the cleavage of the fusion protein, a reverse nickel purification was performed with 

a HisTrap HP 5 mL column to separate the histidine tagged MBP from VP4. The column was 

equilibrated with Buffer A containing 0.025% DDM. The sample was then loaded to the column 

and the flowthrough of the cleaved VP4 was collected.  Residual salts from the protein purification 

process were removed using a C18 column with a gradient run from HPLC buffer A (0.1% TFA 

in water) to HPLC buffer B (0.1% TFA in acetonitrile). The final VP4 product was confirmed by 

SDS-PAGE and MS.  

Vpu Expression and Purification: 

Full-length Vpu (UniProt ID: P05919) was transformed into pLysY E. coli cells and grown 

in terrific broth to an O.D. of 0.6–0.8. Overexpression was induced with IPTG at a final 

concentration of 1 mM for 2 hours at 37 °C. Cells were then harvested by centrifugation. Cell 

pellets were resuspended in a lysis buffer containing 50 mM Tris, 150 mM NaCl, 20 mM 

imidazole, 0.1% DDM detergent, as well as protease inhibitor. Resuspended cells were stirred at 

4 °C for 3–4 hours and then lysed as above. Lysate was then clarified at 48,380×g for 20 minutes. 

Lysate was clarified using 0.2 μm pore size filter. Prior to protein purification, a HisTrap HP 5 mL 

column was equilibrated with loading buffer (50 mM Tris, 150 mM NaCl, 20 mM imidazole, and 

0.05% DDM, pH 7.4). Sample was then loaded to column and washed with 10–15 column volumes 

of loading buffer. Nonspecific binding reduced by washing the column with buffer containing 5% 

elution buffer (50 mM Tris, 150 mM NaCl, 0.4 M imidazole, and 0.025% DDM, pH 7.4). The 

sample was then eluted from the column with 100% elution buffer. The 10x histidine tag was then 

cleaved from Vpu by incubating the eluted protein with TEV protease overnight at 4 °C. A reverse 

nickel purification was performed the next day to remove the TEV and cleaved His tag. Purity of 

the sample was confirmed with SDS-PAGE and MS.  
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5.2.2 MASS SPECTROMETRY SAMPLE PREPARATION  

A series of ammonium acetate solutions were prepared for native MS. All solutions were 

prepared at a concentration of 0.2 M ammonium acetate, unless stated otherwise. The pH of 

solutions was adjusted to 5, 7, and 9 using acetatic acid or ammonium hydroxide. Detergents 

lauryldimethylamine-N-oxide (LDAO), tetraethylene glycol monooctyl ether (C8E4), 

dodecylphosphorylcholine (DPC) were purchased from Anatrace. Triton X-100, which was 

purchased from Sigma Aldrich. All solutions were prepared by adding twice the critical micelle 

concentration (CMC) of the detergent, unless stated otherwise. Viroporins were exchanged into 

each of these ammonium acetate solutions using BioSpin 6 columns (Bio-Rad) and diluted to a 

final protein concentration of 20 μM (per monomer) for the E Protein, Vpu, and VP4. Buffer 

exchanged protein samples were allowed to equilibriate at room temperature for several minutes 

prior to analysis, but no change was observed over time.   

5.2.3 NATIVE MASS SPECTROMETRY 

All native MS experiments were performed using a Q-Exactive HF Orbitrap (Thermo 

Scientific) mass spectromter that has ultrahigh mass range modifications as previously 

described.155 Nano-electrospray ionization was performed using homemade borrosillicate needles 

that were pulled with a P-1000 micropipette puller (Sutter Instruments).  

Viroporin samples were ionized in positive ion mode with a spray voltage of 1.1−1.5 kV. 

E Protein and Vpu samples were analyzed with a range of 2,000−10,000 m/z. The trapping gas 

pressure within the mass spectrometer was set to 3. Activation with 50 V of higher-energy 

collisional dissociation (HCD) energy was applied. To aid in the desolvation of samples, 10−50 V 

of source fragmentation were also applied to each sample. VP4 samples were analyzed with a 
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range of 500–4,000 m/z at a resolution setting of 240,000. All mass spectrometry data was collected 

in triplicate. Spectra are shown for a single representative replicate. 

 The native mass spectra for viroporins in detergent were deconvolved using UniDec as 

previously described.155, 183 The settings for deconvolution of viroporins in all detergent conditions 

included the application of a curved background subtraction of 10, a mass range of 1,000−70,000 

Da, a charge range of 1−50, and a FWHM of 1 m/z.  

5.2.4 FUNCTIONAL STUDIES 

Material and reagents 

 CaCl2·2H2O, 2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid (HEPES), toluene, 

and acetone  were purchased from Fisher Scientific. NaCl was purchased from EMD Millipore. 

HNO3 was purchased from Macron. Cholesterol was purchased from Sigma Aldrich. 

(Tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane (PFDCS) was purchased from 

Gelest, Inc. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) 

were purchased from Avanti Polar Lipids. Borosilicate glass capillaries were purchased from 

World Precision Instruments.  

Pipet aperture fabrication and black lipid membrane (BLM) formation.  

The pipet apertures were prepared from 1.5 mm O.D., 1.0 mm I.D. borosilicate glass 

capillaries. Cleaned capillaries were pulled with a Sutter P-97 puller. To prepare a ~10 µm aperture 

and a rounded orifice geometry, the tapers of the glass pipets were cut and fire polished with a 

Narishige MF-900 microforge. Subsequently, the apertures were surface modified with PFDCS, 
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following a previously established gas phase silanization protocol.294 Silanized pipets were rinsed 

and dried before use.  

DOPC, POPC, and DPhPC lipids dissolved in chloroform were dried under a gentle stream 

of argon and lyophilized overnight. Immediately before using, the lyophilized lipids were 

resuspended in n-decane. BLMs were formed following a previously established tip-dip 

technique.295 Briefly, the tip of the aperture was moved across the interfaces of air, 10 mg/mL 

resuspended lipids in n-decane, and the recording buffers. Formed BLMs across the apertures were 

kept submerged in the buffer to reconstitute the viroporins.  

Current and membrane conductance characterization  

The recording buffer composition of the recording bath was consistent for current 

recordings and membrane conductance measurements (0.5 M NaCl and 2.5 mM HEPES, pH 7.0). 

To test the selectivity on the transported ion, calcium buffer was also prepared but with other 

compositions controlled (0.5 M CaCl2 and 2.5 mM HEPES, pH 7.0). Single channel recordings 

(SCRs) were conducted under voltage bias (-70 mV) and were presented after filtered at 500 Hz. 

Membrane conductance was measured with a previously established protocol. Briefly, the mean 

current from 21 different membrane potential states was recorded independently and the 

conductance was calculated from the I-V correlations.  
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5.3 RESULTS AND DISCUSSION 

Here, we investigated three viroporins—the E protein from SARS-CoV-2, VP4 from Polio, 

and Vpu from HIV—in a wide range of chemical environments to try to better understand the 

patterns of oligomerization of this class of proteins. The chemical environment was altered by 

changing the solution conditions of the protein prior to ionization (Figure 5-1A). Native mass 

spectrometry was performed on each sample (Figure 5-1B), and we then deconvolved this data 

(Figure 5-1C) to determine the relative intensities of different oligomeric states (Figure 5-1D). The 

 

Figure 5-17: Workflow illustrating the process of studying the oligomeric states of viroporins 
in varied detergents. Electrospray ionization (A) is performed on the protein in detergent, 
yielding a raw mass spectrum of the sample (B), which is deconvolved into a zero-charge 
mass spectrum (C). The resulting peak intensities for different oligomers across different 
proteins and detergent conditions are averaged and displayed on a grid plot (D). 
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oligomeric state of the protein was determined by dividing the measured complex mass by the 

mass of the monomeric unit (shown in Table 5-1). Due to differences in ionization efficiency296 

and ion transmission,297, 298 the native MS intensities do not necessarily directly mirror the 

concentration of each oligomer species in solution, but the distrubution in native MS signal 

intensities provide a qualitative picture of the oligomeric states present. Screening the oligomeric 

states of viroporins in a variety of different chemical conditions can provide insight on the structure 

and interactions of these viroporins.   

5.3.1 SARS-COV-2 E PROTEIN  

First, we performed native MS on the E protein in several different detergent conditions. 

For these initial experiments, we added twice the CMC of each detergent. We discovered that the 

E protein assembled exclusively as a dimer in LDAO, DPC, and Triton X-100 detergents (Figure 

5-1D).  Under all these detergent conditions, we observed residual Fos-Choline-16 detergents from 

the initial protein purification bound to the E protein. Together, this data indicates that the E protein 

forms specific dimers in these conditions instead of the expected pentamer. 

 
Figure 5-18: Representative raw mass spectra of the E protein in 0.2 M ammonium acetate 
solution with pH 5, 7, and 9 and LDAO detergent. The additional peaks in each spectrum 
correspond to Fos-Choline-16 detergents from the initial purification that that remained 
bound through the buffer exchange. 
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 Next, we tested the influence of 

solution pH on the oligomeric state of 

the E Protein. We analyzed the E 

protein at pH values of 5, 7, and 9. The 

pH of the solution did not influence E 

protein oligomerization (Figure 5-2), 

and only dimer was observed in all 

conditions. Because the E protein has 

three cysteine residues, we also 

compared the E protein in both reducing 

and non-reducing conditions at neutral 

pH. Under both reducing and non-

reducing conditions, the E protein was 

only a dimer. 

 We also investigated the influence of ionic strength on oligomerization. We did not 

measure any difference in the oligomeric state in the E protein under lower (0.05 M ammonium 

acetate) or higher (up to 1 M ammonium acetate) ionic strength conditions. However, the number 

of adducted Fos-Choline-16 detergents on the protein diminished under higher ionic strength 

conditions (Figure 5-3). This higher concentration of ions likely outcompetes the adducted Fos-

Choline-16. Importantly, because the adducted Fos-Choline-16 could be almost fully removed 

without disrupting the dimer, these experiments suggest that the residual Fos-Choline-16 was not 

likely driving dimer formation.  

 

Figure 5-3: Representative raw mass spectra of the 
E protein solutions with LDAO and varying 
concentrations of ammonium acetate (labeled 
above). The additional peaks in each spectrum 
correspond to Fos-Choline-16 detergents from the 
initial purification that that remained bound through 
the buffer exchange. 
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 Next, we investigated the effect of detergent concentration on the oligomerization of the E 

protein by adjusting the concentration of LDAO from 0.5 ‒2×CMC. At lower detergent 

concentrations, we discovered a small peak that corresponded to the mass for the E protein as a 

trimer, as shown in Figure 5-4. This E protein trimer was not measured under any other conditions 

tested. Thus, lower concentrations of detergent can affect oligomerization of the E protein, which 

may indicate the lower levels of lipid per protein would affect its oligomeric state in bilayers. 

 To test the stability of this E protein dimer, we increased the solution temperature on the 

sample with a variable temperature source.299 The temperatures applied ranged from 15‒55 °C, 

with 10 °C steps. The E protein dimer was present during these temperature ramps at lower 

temperatures. However, the peak for the dimer became less abundant relative to small detergent 

clusters at 45 °C, and the dimer was no longer present the 55 °C and above (Figure 5-5). 

Interestingly, a clear signal for the monomer did not appear at these higher temperatures where the 

dimer was less abundant. Instead, the signal for the E protein disappeared altogether, which 

suggests that the unstable monomer might aggregate at these temperatures. 

 

Figure 5-4: Representative raw mass spectra of the E protein 0.2 M ammonium acetate with 
varying concentrations of LDAO detergent. The CMC of LDAO is 0.025%. Additional 
detergents bound to the protein in each spectrum are Fos-Choline-16 detergents, residual 
from the initial protein purification.   
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 To validate the activity of the E protein, we also performed electrophysiology studies. 

These studies were performed using single channel recording under a controlled holding potential 

of -70 mV. The E protein exhibited flux activity with both Na+ and K+ ions (Figure 5-6A and B), 

but different step magnitudes were observed throughout the measurement. The predominant 

magnitudes of step changes in current were observed to be ~1, 2, 3, and 7 pA in BLMs with 

DPhPC. These differences in step magnitudes suggested that the E protein may form channels of 

different stoichiometries. Additionally, solutions containing Ca2+ instead of Na+ or K+ did not 

appear to have ion flux activity (Figure 5-6C). As a control, the same experiment was also 

 

Figure 5-5: Representative raw mass spectra of the E protein solubilized in 0.2 M ammonium 
acetate and 0.05% LDAO detergent. The spectra shown show the E protein with the solution 
temperature at 25, 45, and 55 °C. The charge states of the E protein are labeled under the 25 
°C condition. The additional peaks in each spectrum correspond to Fos-Choline-16 detergents 
from the initial purification that that remained bound through the buffer exchange. 

 

 

Figure 5-6: Representative SCR results of E protein in (A) DPhPC BLMs and Na+ buffer, (B) 
DPhPC BLMs and K+ buffer and control were performed with (C) Ca2+ as the ion in the 
buffer and with (D) foscholine-14 added instead of E protein.  
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performed with just Fos-choline-16 added to the bilayer, which is the same buffer that the E protein 

was solubilized in prior to being incorporated in the bilayer. There was not any ion conductance 

measured upon adding this detergent to the bilayer at the same concentration (Figure 5-6D), which 

indicates that the ion conductance is due to the transport of ions from the E protein. 

Previous structural work of the E protein proposed that it assembles into a pentameric 

structure.57 However, the full-length E protein assembled nearly exclusively into dimers under all 

detergent conditions tested with native MS (Figure 5-1 and 5-4). The only conditions where 

oligomers besides dimer were measured for the E protein were in solutions that contained lower 

concentrations of detergent than the CMC, where low intensities of trimer were measured (Figure 

5-5). Past structures of the E protein pentamer were solved using NMR with the E protein 

reconstituted into lipid bilayers. However, the protein-to-lipid ratio in these samples is much lower 

than physiological ratios,300 which has the potential to drive the assembly of oligomers. These 

higher oligomers could be Driven by similar effects as the trimer we observed at low detergent 

concentrations (Figure 5-5). It is also possible that a lipid environment is necessary to drive the E 

protein to assemble into a pentamer.  

Although we detected a monodisperse dimer, ion conductance experiments performed on 

E protein suggested more polydisperse oligomers, due to the differences in magnitudes of steps in 

conductance across the bilayer (Figure 5-6). The discrepancies between the native MS results and 

electrophysiology results may reveal that the detergents selected may not be an appropriate 

mimetic for the E protein and might not reflect the variety of oligomeric states that could be present 

in a natural lipid bilayer. Conversely, if the dimer is the functional form of the E protein, this raises 

two possible mechanisms , 1) that the E protein is able to transport ions in its dimeric form and 

that this dimer is able to have multiple conductance states, or 2) that the E protein dimers could be 



139 
 

transient and function more as a carpet model rather than a more traditional ion channel, allowing 

for multiple conductance states.301 The behavior of the E protein is complex and will require further 

investigation to better understand the relationship between its oligomerization and ion channel 

function. 

5.3.2 POLIO VP4 

Next, we used native MS to investigate the oligomeric states of polio VP4 in a range of chemical 

environments. Parameters including detergent type, detergent concentration, ionic strength, and 

solution pH were all screened. Across all the conditions screened, VP4 was a monomer, as shown 

in Figure 5-7. This lack of oligomerization is unlike any of the other viroporins characterized with 

native MS, which all oligomerized in detergents.  

Prior studies demonstrated that VP4 oligomerizes and transports RNA across the cell 

membrane.285  VP4 is known to be myristoylated on its N-terminal side, and myristylation drives 

faster assembly of oligomers than unmodified protomers.302 Our studies revealed that the un-

myristoylated form of VP4 does not assemble oligomers in detergent. Additionally, VP4 is known 

to participate in a variety of protein-protein interactions throughout the viral infection cycle, and 

 

Figure 5-7: Representative native raw mass spectra of VP4 that has been buffer exchanged 
into solutions containing 0.2 M ammonium acetate and C8E4 detergent that are pH 5, 7, and 
9. The deconvolved mass spectra are inset. 
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it is possible that some of these other accessory proteins may be necessary for oligomerization.303 

Future experiments with the myristoylated proteoform of VP4 will be necessary to better 

understand these processes, but our results show no oligomerization of the unmodified protein. 

5.3.3 HIV-VPU 

 Finally, we used native MS to study HIV Vpu oligomerization in different chemical 

environments. We first tested how Vpu was influenced by the type of detergent used (Figure 5-8). 

When Vpu was solubilized in tetraethylene glycol monooctyl ether (C8E4) detergent, we observed 

a mix of oligomers ranging from dimer to hexamer (Figure 5-8A). Similarly, in Triton X-100 

detergent, we measured oligomers of monomer through hexamer (Figure 5-8B). However, in 

LDAO detergent, we observed fewer oligomers, detecting only monomer, dimer, and trimer 

(Figure 5-8C).  

Interestingly, although we measured a range of oligomers in all three detergent conditions 

screened, the oligomeric state profile of Vpu was not significantly influenced by the concentration 

 

Figure 5-8: Representative native raw mass spectra of Vpu that has been solubilized in 0.2 M 
ammonium acetate with (A) C8E4 detergent, (B)Triton X-100 detergent, and (C) LDAO 
detergent. The deconvolved spectra of each condition are inset, and oligomeric states are 
annotated with shapes. 
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of the protein in solution in these conditions. In each of the detergents used, we screened the protein 

in concentrations of 60, 30, and 15 µM, and the oligomeric state profile did not significantly vary 

across these protein concentrations (Figure 5-9). We also characterized the oligomeric state of Vpu 

in a range of solution pH conditions. In LDAO detergent at pH values of 5, 7, and 9, the oligomeric 

state of Vpu was very similar, as shown in Figure 5-10. Thus, Vpu oligomerization is not 

significantly influenced by protein concentration or changes in the solution pH.   

 

Figure 5-9: Representative native raw mass spectra of Vpu in 0.2 M ammonium acetate and 
C8E4 where the concentration of protein monomer is at 15, 30, and 60 µM. The deconvolved 
mass spectra are inset.  

 

 

 

Figure 5-10: Representative native raw mass spectra of Vpu in 0.2 M ammonium acetate and 
LDAO where the solution pH is 5, 7, and 9. The deconvolved mass spectra are inset.  
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 To validate the activity of the Vpu while in a bilayer, we performed electrophysiology 

assays of Vpu embedded in BLM’s. We first embedded Vpu in BLM’s made up of POPC, DOPC, 

and DPhPC lipids (Figure 5-11A‒C). Under the controlled membrane potential (-70 mV), the 

magnitude of current step changes indicates Na+ fluxes exhibited a minimum increment of ~1.5 

pA. The other two predominant magnitudes of the current step changes were ~2.5 and ~5 pA, 

which were consistent from all tested membrane compositions (Figure 5-11A). This result 

suggested that the Vpu channels had more than one pore stoichiometry. Also, the same 

predominant step magnitudes indicated that the lipids that were tested had limited effects on the 

ion permeability of Vpu.  

To probe specificity 

of Vpu ion transport, 

electrophysiology assays 

were also performed using 

buffer containing Ca2+ ions 

instead of Na+. Under these 

conditions, Vpu did not 

transport Ca2+ ions across the 

bilayer (Figure 5-11B). 

Controls were also performed 

where DDM detergent was 

added directly to the bilayers 

 

Figure 5-11: Representative SCR results of Vpu embedded in 
bilayers made of POPC, DOPC, and DPhPC with A) Na+ and 
B) Ca2+ buffer. As a control, C) DDM detergent was added 
instead without Vpu to a bilayer with Na+ buffer.  
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instead of Vpu (Figure 5-11C). No ion flux was detected in these assays without the addition of 

Vpu.  

Overall, the oligomerization of Vpu appears to be polydisperse and dynamic. A range of 

oligomers were measured for this protein, and these varied oligomeric states are influenced by the 

detergent environment. The electrophysiology data of Vpu (Figure 5-11) reveals different step 

magnitudes for the flux of monovalent cations, which supports the existence of multiple oligomeric 

states of Vpu. 

Vpu exhibited the most complex and polydisperse behavior of the three viroporins 

investigated here. Vpu assembled into oligomers that varied between different detergent 

environments, as shown in Figure 5-8. Within the literature on Vpu, there is still ongoing debate 

on its oligomeric state.41, 44, 45, 304, 305  There is currently no structural information of the full length 

Vpu forming an oligomeric complex, but there has been one structure solved of full-length Vpu in 

its monomeric form.2, 47, 48 Some previous studies have suggested that Vpu assembles into fixed 

pentameric complexes,306 whereas other studies found that Vpu assembles into a broader range of 

oligomers.289, 307-309 Interestingly, some previous studies suggested that higher solution ionic 

strengths droved Vpu to assemble into large oligomeric complexes.307 Additionally, the 

Table 5-2: Table summarizing the trends in oligomerization and behavior across each of the 
three viroporins characterized with native MS above. 

 E Protein VP4 Vpu 
Average Oligomeric State Dimer Monomer Varied 

Substrate Na+/K+ RNA Na+/K+ 
Influenced by Detergent Type? X X ✓ 

Influenced by Detergent Concentration? ✓ X - 

Influenced by Protein Concentration? X X X 
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electrophysiology assays performed revealed that single channels Vpu had different magnitudes 

of ion current across the bilayer (Figure 5-11A‒C). These results suggested that Vpu ion transport 

behavior is more varied than those of a binary ON/OFF state of canonical ion channels.310 Thus, 

Vpu may form ion channels of different stoichiometries. We hypothesized that these larger 

channels may exist to enable the transport of larger cations, such as Ca2+. However, when the 

membranes containing Vpu were surrounded by a buffer containing Ca2+ instead of Na+, no ion 

conductance was measured. It is possible that these varied oligomers are all specific monovalent 

cation channels. Further studies will be necessary to better understand the physiological roles of 

the different oligomers of Vpu.     

5.3.4 COMPARISON OF VIROPORINS 

Most of the literature on viroporins suggests that they oligomerize into channels within the 

lipid bilayer.23, 28 Influenza A M2 is the best characterized viroporin to date, and most literature 

suggests that it forms a specific tetrameric complex.10, 35, 192, 311 However, native MS performed on 

M2 in a range of chemical environments, including varied solution pH, different detergents, and a 

range of different lipid environments revealed a variety of oligomers of M2 that had been 

previously undetected, as discussed in depth in Chapter 4.155 This study raised the question of 

whether other viroporins from other viruses may also have more varied oligomers and more 

complexity than initially thought.  

We used native MS to study the oligomerization of three different full-length viroporins, 

the E protein, Vpu, and VP4. We investigated the patterns of oligomerization of these viroporins 

in different chemical environments, including a range of different detergents, pH conditions, and 

ionic strength conditions (Table 5-2). These experiments revealed that the patterns of 
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oligomerization varied widely across proteins, with the E protein forming stable dimers, VP4 

remaining monomeric, and Vpu exhibiting highly dynamic behaviors that varied across detergents, 

as shown in Figure 12. Many of these oligomers had not previously been detected for these 

viroporins. 

Our results vary in how they compare with the existing literature on these viroporins. For 

example, the native MS data on Vpu somewhat agrees with earlier studies. Applying a wide range 

of analytical tools, Lu et al reported oligomers of various sizes, ranging from monomer through 

octamer for the transmembrane domain of Vpu.289 This largely supports the behavior we observed 

for Vpu (Figures 5-8‒5-10).  

 

Figure 5-12: Grid showing the average oligomeric state intensities, ranging from monomer 
through hexamer, of viroporins M2, Vpu, E Protein, and VP4 in different types of detergent. 
The darker the color shown, the higher the abundance of that oligomer. 

 



146 
 

In contrast, our results disagree with most of the literature for the E protein and M2. Prior 

studies of both the E protein and M2 indicate that both proteins assemble into monodisperse 

oligomers, suggesting that M2 assembles into strictly a tetramer3, 312 and the E protein into a 

pentamer.5 However, our results with native MS reveal a previously undetected polydispersity for 

M2155 and the assembly of a specific dimer for the E protein (Figures 5-2‒5-5). These results are 

fundamentally different from the reported behavior for both M2 and E protein.   

Given how many of our results differed from the literature, we wanted to rule out the 

possibility of experimental bias. One potential artifact of this analysis could be that native MS 

could be artificially generating oligomers that were not truly there in the sample. However, this 

was unlikely because under identical experimental conditions to the other viroporins tested, we 

only measured VP4 in its monomeric form. Another potential artifact is that native MS could 

potentially disrupt or break apart specific oligomers. This also seemed to be unlikely because we 

measured the E protein as a highly specific dimer. A final potential artifact could be that native 

MS was biasing our results, only allowing us to detect certain oligomer species. However, this 

artifact is also unrealistic because we were able to measure Vpu as a wide range of oligomers.   

Having ruled out these possible artifacts, this left two possible interpretations of our results. 

The first interpretation is that these results may reveal the potential biases surrounding the use of 

different detergents in the analysis of membrane proteins, in which case the physiological 

oligomeric state of these viroporins may be very different from what we have measured here. In 

this case, this work emphasizes the need to carefully select membrane mimetics in the analysis of 

membrane proteins to avoid potential artifacts.67, 78, 313 
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Another possible interpretation of these results is that the oligomerization of viroporins 

may be more dynamic than previously thought. Most of the literature surrounding viroporins 

suggests that they assemble into these fixed complexes and that these monodisperse assemblies 

are the only physiological form.5, 22, 37, 290, 314 However, most viruses genetically encode a relatively 

small number of proteins. Due to their small genome size,315 as well as high mutation rates and 

frequently changing environmental fitness conditions,316 each viral protein may play a variety of 

roles in the viral life cycle,20 which can be done by creating small protein units that can self-

assemble and form different oligomers that can carry out different biochemical functions.317, 318 It 

is possible that viroporins may assemble into a range of oligomeric states to carry out these 

different functions, and that different chemical environments may trigger oligomer formation.  

These studies differed from previous structural investigations of viroporins because the full-length 

construct was used, as opposed to the transmembrane domain used in many previous viroporin 

studies, which may explain some of the different oligomeric states measured here.319 

The differences In these results from the literature could be attributed to the analytical 

challenges associated with studying the oligomeric state of small membrane proteins, especially 

in instances where these proteins may assemble into polydisperse mixture of oligomers.23 It is 

possible that many earlier studies underestimated the complexity of some of these proteins. Most 

of the earlier structural work on viroporins has been performed either with coupling cross-linking 

with SDS-PAGE or with NMR, which is limited in its ability to determine the oligomeric state of 

homo-oligomeric proteins without additional advanced techniques that are not always 

performed.42, 90, 320-323 Additionally, with NMR, low concentrations of detergent and high 

concentrations of protein are often used, which can drive nonspecific oligomers.324, 325 Conversely, 
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a unique advantage of native MS is that it allows for the direct measurement of the polydisperse 

oligomeric state distribution of viroporins.    

These experiments reveal a previously underexplored differences in the behavior of 

viroporin complexes. Among the viroporins characterized here, there are few similarities. This 

includes little sequence or structural homology and highly varied patterns in oligomerization. It is 

possible that many of these novel oligomeric states have their own underexplored biochemical 

function. Overall, these results indicate that viroporins are far more diverse than previously 

thought.  

5.4 CONCLUSION 

In conclusion, we uncovered the oligomeric states of viroporins E protein, VP4, and Vpu. 

The behavior of these proteins varied widely, with the E protein forming dimers, VP4 not 

oligomerizing at all, and Vpu forming polydisperse and dynamic oligomers. Many of these 

oligomeric states have not been previously reported. The characterization of these viroporins may 

allow for a better understanding of virus biochemistry and the development of therapeutics in the 

future.   

*This chapter includes data on VP4 that was expressed, purified, and analyzed by Oluwaseun 

Fapohunda. Michael Taylor and his laboratory members aided in the purification of VP4. This 

chapter also includes electrophysiology activity assays that were performed by Zhihan Wang and 

Craig Aspinwall. Brian Kloss aided in expression screening and plasmid design for viroporins Vpu 

and VP4. Sang Ho Park, and Stanley Opella also provided the E protein plasmid and aided in the 

development of a purification protocol for the E protein.   

  



149 
 

CHAPTER 6 CONCLUSIONS AND FUTURE 
DIRECTIONS 

6.1 CONCLUSIONS 

Viral infections pose a serious risk to human health globally because of the current lack of 

effective treatments against viral infections. 326,327 There are a variety of analytical challenges 

associated with studying viral proteins, as well as designing specific compounds to target viral 

proteins. Many antiviral compounds are designed to target proteases within the virus.328 These 

proteases play important roles in the virus, as many viruses express one long single polypeptide 

chain that is then cleaved into its individual proteins by a viral protease.329 Although targeting this 

main protease can be initially effective at attenuating viral growth, proteases can be prone to 

mutations that render these inhibitors ineffective.330-332  

 There are also analytical challenges associated with characterizing other viral structural 

proteins that could make suitable targets for antivirals. One challenge is that many of the structural 

proteins in enveloped viruses are hydrophobic membrane-embedded proteins. Although not all 

viruses are enveloped, some of the most clinically relevant viruses, such are HIV, influenza, and 

SARS-CoV-2, are all enveloped viruses. The hydrophobic properties of these structural proteins 

make them challenging to study with many conventional techniques, such as X-ray 

crystallography.333 Hydrophobic proteins also require some form of a membrane mimetic for 

solubility. Additionally, many viroporins are relatively small proteins, making it challenging to 

study with traditional structural biology techniques, such as cryo-EM.334  

Many viroporins are also known to oligomerize and form polydisperse transient 

complexes.20 The complex behavior of viral proteins allows for viruses, which generally encode 
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few proteins, to modulate protein activities through different oligomeric states or generate different 

functional forms of proteins.335 Viral proteins generally have diverse interactions and can have 

multifunctionality.20 However, this can lead to challenges in characterizing viral proteins due to 

the intrinsic polydispersity in the sample. Many analytical techniques, such as chemical cross-

linking and NMR are limited in their ability to characterize polydisperse samples and typically just 

provide an average of the sample.     

Viroporins are understudied but attractive potential therapeutic targets. Most of the existing 

literature on viroporins suggests that these proteins will self-oligomerize within bilayers into fixed 

oligomeric complexes that typically form channels in the membrane.22, 26, 27 Viroporins play other 

important roles in the viral infection cycle, including inducing membrane curvature, driving viral 

budding, and participating in critical protein-protein interactions.24 By deleting viroporins from 

the viral genome, viral growth can be attenuated.233, 336 It has also been postulated that viroporin 

channel activity could be blocked by a single small molecule inhibitor.337 

To help overcome some of the limitations associated with determining the oligomerization 

of membrane proteins, in Chapter 2 we reviewed mass defect analysis as a technique to determine 

the oligomeric state of membrane proteins while in an intact lipid bilayer. We outlined methods 

and experimental details of coupling native MS with nanodiscs to determine the stoichiometry of 

proteins in a lipid bilayer. We also provided examples of how mass defect analysis has been 

applied and the variety of behaviors, both in patterns of oligomerization as well as lipid 

specificities, that can be identified using mass defect analysis. Additionally, we provided strategies 

for disambiguating mass defect assignments to allow for more confidence in mass defect 

assignments. The unique combination of native MS and nanodiscs provides a novel platform for 

characterizing the oligomeric state of small, polydisperse membrane proteins, such as viroporins. 
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Due to the small size of viroporins, many of the complexes that they assemble are fairly 

fragile. Even with the gentle conditions applied during native MS, these complexes can still be 

susceptible to unwanted gas-phase dissociation. However, this dissociation can be mitigated with 

the addition of charge reducing agents.124 In Chapter 3, we identified a range of novel charge 

reducing agents for native MS. These charge reducing agents were inspired by a previously 

identified charge reducing agent, imidazole.338 We determined that derivatives of imidazole, 

particularly those with alkyl substituents at the 2 position on the ring, we more effective at charge 

reducing and were amenable with a wide range analytes.183 The addition of charge reducing agents 

can allow for the preservation and measurement of fragile protein oligomers.      

The best characterized viroporin to-date is the viroporin M2 from influenza A. M2 

currently is the only viroporin that has been approved as a therapeutic target, but resistance to this 

drug has become widespread.35, 339 Currently, there are dozens of structures of M2 in the PDB, 

many with the protein embedded in different membrane mimetics, as well as in different solution 

environments. Notably, in many structures solved of M2, there was high concentration of the drug 

added to the sample prior to analysis. These high concentrations of amantadine were thought to 

stabilize the complex for structural studies. The majority of these structures were solved using 

NMR, which as discussed above, can be limited in its ability to capture sample polydispersity. 

Every structure currently in the PDB of M2 shows that this protein forms a fixed tetrameric 

structure. There have not been any other oligomers shown for M2 in the recent literature. However, 

among all the structures of M2, there are differences among these tetrameric forms. These 

differences suggest that perhaps the chemical environment surrounding M2 may have a significant 

influence on the proteins’ overall structure.    
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In Chapter 4, we used native MS to characterize the influence of these varied chemical 

environments on M2.155 We were initially surprised to find that when solubilized in detergent, M2 

did not form the rigid, tetrameric structure that had been previously described in the literature. 

Instead, in most conditions we measured a mixture of oligomers, with this tetrameric complex not 

even the most abundant species in many of the samples. Additionally, we found that the type of 

detergent used as well as the solution pH had a notable impact on the oligomeric state of the 

protein. Interestingly, we found the M2 formed a specific hexameric complex, with no other 

abundant oligomer species, only in LDAO detergent at pH 5. This hexameric species had not been 

previously reported in the literature. Here, we also found that titrating in high concentrations of 

the drug to M2 while in detergent prior to MS analysis drove M2 to form specific tetrameric 

complexes. These surprising results led us to speculate that perhaps many of the tetrameric 

structures of M2 in the PDB may have been driven to this tetrameric form of the protein and that 

this tetramer may not be the native conformation of the protein. Overall, the behavior of M2 in 

detergent revealed a far more polydisperse protein complex than previous studies, which led us to 

speculate that perhaps these other oligomers of M2 may perform a range of biochemical functions 

that have not yet been discovered. 

In Chapter 4, we also coupled nanodiscs with native MS to determine the oligomeric state 

of M2 while in a lipid bilayer, revealing that the oligomeric state of M2 is also sensitive to its lipid 

environment. In DMPC and DMPG nanodiscs, we found that M2 formed a polydisperse range of 

oligomers, similar to how M2 behaved in many of the detergent environments. Interestingly, M2 

assembled into a more specific complex, primarily as a mixture of tetramer and monomer, in DPPC 

type lipids, suggesting that bilayer thickness and fluidity may influence M2 oligomerization. 
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Chapter 4 also marked a technical milestone for native mass spectrometry. There is an 

ongoing debate in the field of M2 research of whether the stoichiometry of drug binding is one 

drug per tetramer or four drug per tetramer.192 Here, we added amantadine in varying 

concentrations to M2-DPPC nanodiscs. These experiments were the first time that native MS was 

used to directly measure the binding of a drug to a membrane protein in an intact bilayer. These 

experiments revealed not only the binding of amantadine to the M2-nanodisc complex, but we 

were also able to resolve the stoichiometry of the binding, showing both the one bound and four 

bound states of the drug to the tetramer.  

After the surprising results with M2, we wanted to characterize other viroporins to 

determine whether they may also be more polydisperse than previously thought. In Chapter 5, we 

used native MS to characterize the oligomeric state of viroporins Vpu from HIV, E protein from 

SARS-CoV-2, and VP4 from Polio. There is far less literature on these additional viroporins than 

there is for M2. There have been a variety of oligomeric states proposed for Vpu and not yet been 

conclusively determined. For the E protein, there has been a structure solved with NMR suggesting 

that it forms a pentameric channel. There is very little known about the structure or oligomerization 

of VP4. 

When characterizing these additional viroporins, we found that Vpu assembled into a wide 

range of oligomers that were also sensitive to their detergent environment, like M2 in Chapter 4. 

However, unlike Vpu and M2, both the E protein and VP4 did not assemble into a polydisperse 

mixture of oligomers. Instead, the E protein appeared to form a fixed dimeric complex in nearly 

all the environments screened. We only measured VP4 as a monomer and it did not appear to 

oligomerize in any environment at all.  



154 
 

   Overall, we found that the patterns of oligomerization among viroporins are more 

complex than the literature had suggested. The experiments discussed in this thesis are the first 

reports of native MS to probe viroporin oligomerization. MS is a technique that typically excels at 

characterizing sample polydispersity, a sample parameter that most analytical techniques are 

limited in. Additionally, MS is not limited by the small size of these viral proteins, unlike some 

structural techniques, such as cryo-EM. Here, native MS revealed previously unseen oligomers of 

viroporins, with some of these viroporins being previously extensively studied. It is possible that 

these varied oligomers that were measured in Chapters 4 and 5 are not physiologically relevant 

and could instead be distorted by our purification process, the addition of detergents, or perhaps 

an artifact of the measurement with mass spectrometry. It is also possible that we have uncovered 

new oligomers of these proteins, all of which may have their own distinct function in the viral life 

cycle. In this case, the identification of these novel oligomeric states could ultimately enable the 

discovery of new aspects of virus biochemistry and the viral infection cycle. Additionally, the 

identification of these novel oligomers may also enable the development of therapeutic compounds 

in the future.   

We found that some viroporins readily assembled into polydisperse mixtures, while others 

did not appear to oligomerize at all. There are very few similarities across viroporins as a class of 

proteins and very little sequence homology.26 “Viroporins” are named after their ability to 

assemble into pore-forming ion transporters. Beyond ion transport, viroporins have varied and 

diverse roles in the viral life cycle, including protein-protein interactions and roles in signaling.336 

Given the significant differences in sequence, structure, function, and patterns of oligomerization, 

it is possible that many of the small membrane spanning viral proteins that have been labeled as 
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“viroporins” may not be appropriate to classify in the same structural family. Across viruses, the 

most common feature among all of these proteins is that they are just small viral proteins.23 

6.2 FUTURE DIRECTIONS:  

 As shown in Chapter 4, the local lipid environment can play a critical role in the 

oligomerization of viroporins.155 Lipid nanodiscs are a more native membrane mimetic than 

detergent micelles.67, 149 It has also been proposed that viruses may remodel their host’s membranes 

to suite their own biochemical needs.340, 341 Moving forward, viroporins could be characterized in 

a wider range of lipid environments using nanodiscs, native MS, and mass defect analysis. In these 

experiments, additional considerations should be made for the types of lipids used and their 

relevancy in the viral life cycle.  

 To improve the understanding of the entire viroporin protein class, these methods should 

be extended to viroporins from other viruses. There has been some preliminary structural work on 

p7 from hepatitis C, making it a potential target for native MS. Similarly, there has also been 

preliminary work on the behavior of viroporin P2B from picornavirus. It would be interesting to 

compare the native MS results of these viroporins with what is known about them in the literature.   

 As the oligomeric state of viroporins is further characterized in varied lipid environments, 

the activity of viroporins should also be further investigated. In Chapter 5, we used 

electrophysiology to identify the ion transport functions of viroporins in a handful of PC type 

BLM’s. In the future, the activity of viroporins should be further characterized in parallel lipid 

environments to the experiments performed in nanodiscs. These additional experiments could 

allow for conclusions to be drawn on the relationship between the oligomeric state of the viroporin 

and its function.  
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 Additional experiments should also be performed using native MS on viroporins that have 

been surrounded by natural lipid extracts that can better mimic the physiological environment of 

viroporins. One challenge with creating nanodiscs of natural lipid extracts is that due to the sample 

polydispersity, intact nanodiscs of natural lipid extracts cannot be analyzed with native MS. The 

protein would have to be ejected from the bilayer. However, when trying to eject viroporins from 

nanodiscs inside the mass spectrometer, the signal for the viroporin is overwhelmed by the signal 

for the MSP belt, making it impossible to determine the proteins oligomeric state. To overcome 

this, I propose that viroporins be embedded into liposomes formed of natural lipid extracts and 

ejected from the liposome inside the mass spectrometer. This would provide a far more native 

environment without suppressing the signal for the viroporin. 

 Future experiments surrounding viroporins should include using native MS as a tool to 

screen potential antiviral compounds. These experiments could be performed first in detergent, for 

ease and simplicity, as well as in nanodiscs of varying lipids to better replicate a more native 

environment. Additionally, similar experiments to those performed in this thesis can be performed 

on viroporins that contain mutations from variants of the same virus, which will allow for us to 

better understand the influence of these variants on viroporin structures, as well as better design 

therapeutics that are resistant to these mutations. Overall, understanding the patterns of 

oligomerization of viroporins will be beneficial in better understanding virus biochemistry and key 

in the rational design of potential therapeutics.  
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