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Abstract 
Many membrane proteins form functional complexes that are either homo- or hetero-oligomeric. 
However, it is challenging to characterize membrane protein oligomerization in intact lipid bilayers, 
especially for polydisperse mixtures. Native mass spectrometry of membrane proteins and peptides 
inserted in lipid nanodiscs provides a unique method to study the oligomeric state distribution and lipid 
preferences of oligomeric assemblies. To interpret these complex spectra, we developed novel data 
analysis methods using macromolecular mass defect analysis. Here, we provide an overview of how 
mass defect analysis can be used to study oligomerization in nanodiscs, discuss potential limitations in 
interpretation, and explore strategies to resolve these ambiguities. Finally, we review recent work 
applying this technique to studying formation of antimicrobial peptide, amyloid protein, and viroporin 
complexes with lipid membranes. 
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1. Introduction: Oligomerization of Membrane Proteins and Peptides 
Between 30–50% of proteins are thought to form oligomers.1 Some membrane protein, such as 

the ATP-binding cassette transporter, TmrAB, form monodisperse and static complexes.2, 3 Other 

proteins, such as the receptor tyrosine kinase family, have more dynamic interactions.4-7 In a number of 

cases, their oligomerization is not well understood, such as with GPCRs.8-10 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.11 For example, oligomerization of membrane proteins 

can affect crucial cellular functions, such as apoptosis, tumor formation, and signal transduction.12 

Similarly, membrane active peptides can oligomerize in bilayers to form functional complexes.13 

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

analytical challenges, especially within lipid environments.14 

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 



2 
 

peptides, and amyloid proteins. To put this new method in context, we will first briefly review common 

methods to study membrane protein oligomerization and discuss their strengths and limitations.  

2. Methods for Measuring Membrane Protein Oligomerization 
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,15, 16 including properties like fluidity, curvature, and charge.17, 18 Several 

techniques, including hydrodynamic methods, mass photometry, nuclear magnetic resonance (NMR), 

and native mass spectrometry (MS), generally require membrane proteins to be extracted from their 

native lipid environment and solubilized in a membrane mimetic, such as detergent micelles.19, 20 

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. 

2.1 Hydrodynamic Methods 

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

determining the oligomeric state of soluble proteins.21 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 interpretation of AUC data 

more challenging.22 AUC can be especially challenging when the sample is polydisperse or the protein 

interactions are more dynamic.23 

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.24 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.25 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 
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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.    

2.2 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.26 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.27 

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 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.28 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. 

2.3 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.29 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.30, 31  

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.32, 33 However, CODEX is limited for 

polydisperse samples and larger protein complexes.34 Like other NMR techniques, it also needs high 

sample concentrations, which could drive proteins into non-physiological complexes.35 The use of 

angular restraints of aligned bilayer samples36 can also provide complementary structural information. 

2.4 Chemical Crosslinking 

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

common technique for determining the oligomeric state of proteins.37 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.38 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.39, 40 Overall, the potentials for 
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false positives and false negatives make it challenging to confidently determine oligomeric state 

distributions for polydisperse ensembles from crosslinking data alone.  

2.5 Fluorescence Methods 

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

in the lipid bilayer.41 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.42 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.43 

2.6 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.44-46 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. Directly measuring the mass of the oligomeric complex usually provides a clear picture of 

the oligomeric states present and relative changes in the distribution.45, 47 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.48, 49  

Although first applied to soluble 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 is detergent micelles.50  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.46 The removal of these detergent molecules presents the bare 

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

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/peptides51 to large membrane 

protein assemblies.52 However, detergent are not ideal for membrane sensitive or highly fragile 

complexes.53 As reviewed by Keener et al.,46 there have been a number of other membrane mimetics 

that have been employed for native MS, including SMALPs,54 liposomes,55 and nanodiscs.56 In this 

review, we will discuss in detail the application of nanodiscs for determining the oligomeric state of 

membrane proteins with native MS. 

2.7 Nanodisc Native MS 

As an alternative to detergents, nanodiscs are a promising platform for the analysis of 

membrane proteins.57 Nanodiscs are typically 10–13 nm bilayers, but they can be as small as 6 nm58 and 

as large and 90 nm.59 These bilayers are surrounded by a membrane scaffold protein (MSP) belt (Figure 

1A). The lipid composition and size of nanodiscs can both be tuned to suit the needs of the analyte.57, 60 

Nanodiscs enable membrane proteins to be embedded in a soluble lipid bilayer.61 Prior studies have 

suggested that embedding membrane proteins in nanodiscs can be more effective at preserving 
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membrane protein activity than detergent micelles, likely because the nanodisc bilayer more closely 

mimics the natural lipid bilayer.60, 62, 63 

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

membrane protein-nanodisc complex for mass analysis (Figure 1B),56, 64, 65 which yields complex mass 

spectra of the intact nanodisc (Figure 1C). This raw data can then be deconvolved66 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.61, 67 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 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.68 However, membrane proteins/peptides often displace lipids upon incorporation in the 

nanodiscs, leading to no global shift in mass and/or an uncertain number of lipids in the nanodisc.  

 

Figure 1: 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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 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.69, 70 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.  

3. Macromolecular Mass Defect Analysis 
3.1 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.71 Our implementation of macromolecular 

mass defect analysis is analogous to Kendrick mass defect analysis, which is typically used in 

hydrocarbon analysis.72 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.73, 74 

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 defect 

value, and it can be normalized between 0 and 1 or converted back into absolute mass by multiplying by 

the reference mass.65, 70, 72, 75 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.76-78 Macromolecular mass defect is analogous to Kendrick mass defect, but it uses a 

molecule rather than methylene as the reference mass. 

3.2 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 1).70, 79 Here, 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.80 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. Comparing this predicted mass 

defect value with the measured mass defect value (Figure 1E) confirms the number of MSP belts on the 

nanodisc.69  

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).70 This 
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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.56  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. 

3.3 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 1E), the data is plotted 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 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.72 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.81 Excitingly, there is excellent agreement between mass defect profiles 

measured with direct Fourier methods and with deconvolved data.72 

3.4 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 measure the stoichiometries of 

peptides associating with nanodiscs using mass defect analysis (Figure 1).75, 82, 83 After the raw mass 

spectra are deconvolved, the normalized mass defect values are compared against predicted values to 

reveal the different stoichiometries associated with the nanodisc (Figure 1E and F).  
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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 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 the 

integer part is subtracted (or added, as 

shown in the next paragraph) to reset 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 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. 

Table 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 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.75 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. 

4. 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 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,84, 85 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 2A and 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 

 

Figure 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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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 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. In this example, the proximity of 

the mass defect to 1/5 (0.2) causes stoichiometries that differ by 5 to be similar.  

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.  

4.1 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 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 

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 [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.75, 86 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.65, 87 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.69  
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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 2A and 2C, we can see that each 

additional daptomycin molecule shifts the mass slightly higher. Thus, in Figure 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 5C, do not shift the overall mass of the nanodisc upon incorporation, likely because the 

same mass of lipids is displaced upon addition of the protein/peptide mass to the bilayer.88   

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

reference mass can be used to disambiguate assignments.70, 75 As shown in Figure 2B and 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 + 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 3 and Figure 4.75, 82, 83, 89  

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

state distribution, the mass of the protein or peptide must 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.90 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 by genetic engineering in sites that do not 

affect the structure or function.69 Both methods are useful for disambiguating the oligomeric states of 

proteins with mass defect analysis. 

4.2 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 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).91, 92 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.93 

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 



12 
 

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.94  

 Another challenge with mass defect analysis can be the loss of labile interactions. Although 

native MS is gentle enough to preserve noncovalent interactions, fragile interactions are sometimes 

disrupted inside the instrument. 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.93 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.75, 95-97  

5. 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 

association82, 93 or the specific distributions83 can be compared to explore how lipid head groups and 

tails affect protein/peptide association with the nanodisc bilayer.  

 

Figure 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 MS 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. Superscripts next to protein/peptide name indicate reference number. Data for the PC 
lipid conditions for rIAPP and pIAPP is unpublished.  

c 
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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 1.75 Our experiments have discovered a wide range of behaviors for these 

complexes, as shown in Figure 3 and Figure 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.  

5.1 Specific Membrane Protein Complexes 

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

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

 

Figure 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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oligomers tend to have minimal lipid specificities, forming the same 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.98, 99 

AqpZ incorporated as only tetramers in bilayers of either PC or PG lipids, demonstrating no lipid 

preferences.65 Similar results were seen for AmtB, which formed monodisperse trimers in both lipid 

environments. Gram A, discussed above, was also largely lipid insensitive, and although multiple dimers 

could incorporate into a single nanodiscs, we only saw evidence for specific dimer complexes.75  

5.2 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 4D.75 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 3 and Figure 4).75, 82, 83 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.100, 101 

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

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

stoichiometries up to five α-syn per nanodiscs and preferred PG lipids.88 However, no specific α-syn 

oligomers were detected. Similar results were observed for rat islet amyloid polypeptide.94  

5.3 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 3 and Figure 4C). Interestingly, LL-37 showed lipid tail dependence in how it assembled 

complexes, preferring dimer intermediates in DMPG and trimer intermediates in DPPG. FPOP also 

revealed tail-dependent membrane interactions of LL-37.68 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 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 these 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 3, 4B, and 6A).  The specificity for units of four suggests that AM2 may be 

forming a specific tetramer complex in the DPPC lipids.89 These differences in incorporation among lipid 

types suggest that bilayer thickness may affect complex formation.102   

These applications of mass defect analysis reveal a wide range of behaviors that peptides and 

proteins exhibit when associated with nanodiscs. Figure 3 and Figure 4 provide an overview of 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 
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surrounded with, such as AqpZ, AmtB, 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 oligomerization of membrane-bound molecules.  

5.4 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 analysis to 

study the influence of small molecule (−)-epigallocatechin 3-gallate (EGCG) on α-syn in nanodiscs.88 

EGCG is a flavonoid found in green teas that inhibits the formation of amyloid fibrils.103, 104 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 5A and B). However, when EGCG was added in addition to the α-syn 

and DMPG nanodiscs, the nanodisc remained intact (Figure 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 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.  

 

Figure 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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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. In DPPC nanodiscs, AM2 

assembled into stoichiometries of one and four, as described above and shown in Figure 6A. 

Amantadine (AMT) specifically binds to the AM2 tetramer,105, 106 but prior research had suggested the 

possibility of either one or four AMT molecules binding per tetramer complex.107, 108  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 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 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.   

6. 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 proteins109 and proteins with 

complex glycosylation patterns.110, 111 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 can provide information on 

which oligomers bind the drug. In general, macromolecular mass defect analysis can be effective for 

 

Figure 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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visualizing any complex spectra where it is useful to cluster things that differ by a specific reference 

mass.  

7. 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 article provides a foundation for others to both use and interpret mass 

defect data, inspiring new applications to understand complex biophysical interactions. 
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