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Abstract 

State-of-the-art native mass spectrometry (MS) methods have been developed for 

analysis of highly heterogeneous intact complexes and have provided much insight into the 

structure and properties of non-covalent assemblies that can be difficult to study using denatured 

proteins. These native MS methods can often be used to study even highly polydisperse 

membrane proteins embedded in detergent micelles, Nanodiscs, and other membrane mimics. 

However, characterizing highly polydisperse native complexes which are also heterogeneous 

presents additional challenges for native MS. Macromolecular mass defect (MMD) analysis aims 

to characterize heterogeneous ion populations obfuscated by adduct polydispersity and revealing 

the distribution of “base” masses, and was recently implemented in the Bayesian analysis 

software UniDec. Here, we illustrate an alternative, orthogonal MMD analysis method 

implemented in the deconvolution program iFAMS, which takes advantage of Fourier Transform 

(FT) to deconvolve low-resolution data with few user-input parameters and which can provide 

high quality results even for mass spectra with a signal-to-noise ratio of ~5:1. Agreement 

between this method, which is based on frequency-domain data, and the mass-domain algorithm 

of UniDec provides strong evidence that both methods can accurately characterize highly 

polydisperse and heterogeneous ion populations. The FT algorithm is expected to be very useful 

in characterizing many types of analytes ranging from membrane proteins to polymer-conjugated 

proteins, branched polymers, and other large analytes, as well as for reconstructing isotope 

profiles for highly complex, but still isotope-resolved, mass spectra.  



Introduction 

Structural and compositional heterogeneity is important to the function of many types of 

natural and therapeutic biomolecules and biomolecular complexes, including protein complexes, 

protein-nucleic acid complexes, membrane protein-lipid assemblies, and antibodies.1-7 With the 

growing importance of biotherapeutic proteins such as monoclonal antibodies, the need to 

accurately characterize intact protein complexes and their constituent isoforms for biomolecule 

characterization and biopharmaceutical design is rapidly growing. Native electrospray ionization 

mass spectrometry (ESI-MS) and ion mobility-mass spectrometry (IM-MS) have established 

themselves as highly sensitive tools for analysis of intact non-covalent complexes,8-10 from 

antibody-drug conjugates and glycosylation states,1, 11-13 to studies of membrane protein 

assembly structure and lipid binding,14-20 and have been used to both update results from and 

inform sample preparation for more traditional crystallographic and microscopic structural 

analysis methods.13, 21-22 The development of several MS deconvolution tools has even allowed 

for compositional studies of analytes with exceptionally high mass polydispersity (due to, e.g., 

variation in the number of a repeated subunits, such as glycosylation states of glycoproteins, 

lipids in a membrane or micelle, or polymer chain length).9 These types of analytes often 

produce native-MS spectra with several overlapped charge states and many tens or even 

hundreds of overlapped peaks.21, 23-25 Fourier Transform (FT)-based signal processing methods 

take advantage of sample polydispersity as a source of periodic signals that are used to determine 

ion charge states, subunit masses, composition, and total masses from the frequency domain.21, 24, 

26-29 Conversely, Bayesian statistical analysis methods as used in the software packages UniDec 

from the Marty group and PMI Intact from Protein Metrics, Inc., deconvolve mass spectra 

directly from the m/z domain by iteratively optimizing a model spectrum based on an initial set 

of user-input parameters.30-34  

While deconvolution methods like those mentioned above can often deconvolve a mass 

spectrum to a “zero-charge” mass spectrum with many fewer peaks, it can still be very 

challenging to interpret the zero-charge mass spectrum for an ion population that is highly 

polydisperse in the stoichiometry of a particular adduct, especially when there is significant 

heterogeneity in the underlying “base” composition, i.e., the portion of each ion other than the 

polydisperse adducts. Recently, Marty and co-workers have reported on the preferred lipid 



bilayer-incorporation stoichiometries of several antimicrobial peptides by macromolecular mass 

defect (MMD) analysis of UniDec reconstructed mass spectra,35-38 using modular arithmetic to 

filter out polydisperse signal in a manner similar to how Kendrick mass defect analysis is used to 

characterize end groups of polymers.39-41 Their studies of melittin incorporation into Nanodiscs, 

self-assembled membrane mimics consisting of a phospholipid bilayer encircled by two 

amphipathic membrane proteins (MSPs),42-44 revealed no strong preferences for specific 

stoichiometries—contrasting with results from earlier studies which suggested a preference for 

melittin tetramers in lipid bilayers. These results provide an excellent basis from which to 

explore orthogonal MMD analysis methods both to validate the Bayesian results and to provide 

alternative means of generating MMD profiles, possibly with unique advantages. 

Here, we extend upon the utility of the Prell group’s FT-based deconvolution software, 

Interactive FT Analysis for Mass Spectrometry (iFAMS), to characterize the base composition of 

membrane-protein-embedded Nanodiscs by measuring the MMD profile using phase information 

from the Fourier Transform. Because MMD profiles are generated solely from Fourier-domain 

information extracted from the raw data, this phase analysis method is totally orthogonal to the 

mass-domain analysis used in UniDec. We show that FT phase analysis (both with and without 

Richardson-Lucy peak sharpening) confirms melittin-incorporation stoichiometries previously 

reported using the UniDec deconvolution software, with similar or better agreement to 

theoretical MMDs based on the known masses of melittin and Nanodisc components. We then 

illustrate the utility of this new method to reconstruct MMD profiles from lower-resolution ESI-

Q-IM-TOF data by studying the formation of Nanodiscs from a mixture of two different scaffold 

proteins of similar size. 

 

Methods 

Sample Preparation. All phospholipid Nanodiscs were prepared using a method adapted 

from that of Sligar and coworkers.43-46 Nanodiscs containing only scaffold proteins and lipids 

were prepared at the University of Oregon, using water purified to 18 MΩ•cm resistivity. Briefly, 

dimyristoylphosphatidylcholine (DMPC) lipids purchased from Avanti Polar Lipids as 5 mg/mL 

suspensions in chloroform were dried with nitrogen gas until opaque, then re-suspended to a 

concentration of 50 mM in a pH 7.4 aqueous buffer composed of 100 mM sodium cholate 



(Sigma-Aldrich, St. Louis, MO), 20 mM Tris (Bio-Rad, Hercules, CA), 100 mM sodium 

chloride, and 0.5 mM ethylenediaminetetraacetic acid. Histidine-tagged (MSP1D1His) and non-

histidine-tagged (MSP1D1(−)) membrane scaffold proteins were reconstituted separately in 

identical pH 7.4 aqueous buffer without sodium cholate. For single-MSP experiments, these 

solutions were used directly. For mixed-MSP Nanodisc samples, equimolar mixtures of the two 

MSP1D1 variants were prepared at room temperature (~25 °C) in microcentrifuge tubes 

(Sorenson, Salt Lake City, UT), with a final protein concentration of ~200 μM. Each of the 

above MSP1D1 solutions were then mixed with DMPC-detergent suspensions and additional 

buffer for an expected Nanodisc concentration of 50 μM and incubated at room temperature for 

15 minutes. Nanodisc self-assembly was started by 1000:1 dialysis by volume into buffer in 

which Bio-Beads SM-2 (Bio-Rad, Hercules, CA) were suspended to assist in removing cholate. 

Nanodisc samples were removed from dialysis after 24 hours and buffer-swapped twice via 

Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA) into 200 mM aqueous ammonium acetate 

(pH 7.0).  

Data for melittin-embedded Nanodiscs prepared at the University of Arizona were taken 

from a previous publication, where their preparation is described in detail.36 Briefly, 

dimyristoylphosphatidylglycerol (DMPG) Nanodisc samples with MSP1D1(−) scaffold proteins 

were prepared at room temperature similarly to the DMPC Nanodiscs described above, to a final 

concentration of 2.5 μM in 200 mM ammonium acetate (pH 6.8). Various dilutions of melittin 

(GenScript, Piscataway, NJ) in methanol were directly added to stock solutions of preformed 

Nanodiscs to final Nanodisc concentrations of 2 μM in 13% methanol by volume, with molar 

ratios of melittin to Nanodiscs ranging from 0 to 24:1. Finally, a stock solution of 400 mM 

imidazole was added to the melittin-Nanodisc solutions as a charge-reducing agent, to a final 

concentration of 25 mM.  

Native Mass Spectrometry. Mixed-MSP1D1 DMPC Nanodisc native mass spectra were 

acquired at the University of Oregon with a Synapt G2-Si ion mobility-mass spectrometer 

(Waters Corp., Milford, MA) using a static nanoelectrospray ionization (nanoESI) source at a 

capillary voltage of ~0.8 kV relative to instrumental ground and Trap/Transfer collisional 

energies of 75-100/5 V. This relatively high Trap potential was used to dissociate enough salt 

adducts from the native Nanodisc ions to resolve different scaffold protein compositions in the 



resulting mass spectra. NanoESI capillaries were prepared from 0.78 mm i.d. borosilicate 

capillary tubes on a Flaming-Brown P-97 micropipette puller (Sutter Instrument, Novato, CA) to 

a final i.d. of ~1 μm. Native mass spectra of melittin-embedded DMPG Nanodiscs were acquired 

at the University of Arizona in positive ion mode on a Q-Exactive HF quadrupole-Orbitrap mass 

spectrometer with Ultra-High Mass Range (UHMR) research modifications (Thermo Fisher 

Scientific, Waltham, MA) and a nanoESI source. Further experimental details for these melittin-

embedded Nanodiscs are described in the original paper.36 

Deconvolution and MMD Analysis. FT deconvolutions were performed via the Prell 

group’s home-built program iFAMS v. 5.3. Lipid masses of 666.9 Da and 677.9 Da were used 

for DMPG and DMPC Nanodisc data, respectively, to determine the charge states present from 

FT spectra. The lipid polydispersity inherent to Nanodiscs results in multiple overlapped charge 

states in the mass spectrum, each with a broad distribution of lipid stoichiometries. However, the 

corresponding FT spectrum contains well-resolved peaks corresponding to fundamentals and 

harmonics for each charge state present, allowing for charge state deconvolution by inverse-FT 

of charge state-specific data.24, 26, 28 MMD profiles for simulated data made use of 14 FT 

harmonics, while profiles of Synapt G2-Si data made use of 4 harmonics due to their lower 

resolution as compared to the Orbitrap UHMR data. All profiles for melittin-embedded 

Nanodiscs used 14 harmonics except for samples with melittin:Nanodisc ratios of 0 (10 

harmonics), 1.5 (4 harmonics), and 24 (12 harmonics) due to differences in the density of data 

points in their mass spectra and the corresponding frequency range of their FT spectra. 

Bayesian deconvolution was performed via UniDec v. 4.2.1, which generates a delta-

function matrix to model the spectral data and iteratively adjusts charge state probabilities and 

ion abundances by comparing m/z peak intensities in the model and the spectral data.31, 36 Input 

charge-state ranges were determined using iFAMS and lipid masses of 666.9 Da and 677.9 Da 

for DMPG and DMPC Nanodiscs, respectively, then entered in UniDec with two additional 

charge states above and below the found range. Output mass ranges were determined from the 

lowest m/z in the mass spectra multiplied by the lowest charge state and the highest m/z 

multiplied by the highest charge state. Melittin-embedded Nanodisc data were batch processed 

by MetaUniDec.47 More detailed UniDec deconvolution parameters can be found in Tables S1 

and S2. 



MMD analysis was performed via both UniDec’s built-in method, which uses the 

UniDec-deconvolved mass spectrum as input,35-36 and a new FT-based method in iFAMS (see 

Theory section below) that extracts spectral information from the complex phase of the Fourier 

Transform. In both cases, peaks in the reconstructed MMD profiles were centroided by 

integration between local minima to assign mass defects and calculate root-mean-squared-

deviations (RMSDs) from the expected base masses (based on the theoretical exact masses of the 

scaffold proteins, lipids, and melittin). Scaffold protein mass contributions were expected to be 

24661.6 Da for MSP1D1His and 22043.9 Da for MSP1D1(−), as reported by the manufacturer. 

MMD profile mass accuracy was calculated only for peaks present in both the FT-based and 

Bayesian MMD profiles. Richardson-Lucy peak sharpening was used to explore melittin-

Nanodisc stoichiometry conclusions made in the original publication of the data,36 using 

UniDec’s built-in “Raw/Centroid mode” for the Bayesian profiles and an analogous Richardson-

Lucy treatment (50 iterations using a gaussian point-spread function with a standard deviation of 

30 m/z) for the FT-based MMD profiles. 

 

Theory 

Fourier Phase Analysis for Macromolecular Mass Defect Profile Reconstruction. Fourier 

MMD treatment assumes that the population of ions for a given charge state consist of one or 

more non-isobaric “base compositions” (e.g., protein isoforms, different polymer end groups, or 

heterogeneous protein oligomer masses) to which a polydisperse distribution of repeated 

subunits (non-covalent adducts like lipids/detergents, or covalent adducts like glycans in a 

glycoprotein or monomers within a polymer) are adducted, and we call the masses of these base 

compositions “base masses”. Let the n different base compositions be labeled B1, B2, …, Bn, and 

the repeated subunits have mass L, and finally assume that the net charge on each ion is supplied 

by charge carriers of mass X. Then, for charge state Z, we have a population of ions with 

stoichiometries B1LjXZ, B2LjXZ, …, BnLjXZ, where j ranges over the (polydisperse) number of 

repeated subunits incorporated. It is assumed that, for each value of Z, the polydispersity in the 

number of lipids is sufficient to result in well-resolved peaks in the corresponding Fourier 

spectrum.26 The goal of the present analysis is to determine the masses of B1, B2, and Bn modulo 

the mass of L as well as their relative abundances in the ion population. This procedure is 



referred to as Macromolecular Mass Defect (MMD) analysis,35-37 and the goal of this paper is to 

demonstrate how it can be achieved using Fourier/Gábor Transform (FT/GT)-based methods as 

well as compare its efficacy to mass-domain MMD analysis such as those implemented in 

UniDec.30-32, 35-36, 47-48 

In the following, we use similar notation to that in our previous publications on Fourier 

and Gábor Transform analysis of mass spectra.24, 26-28 The mass spectrum for a particular charge 

state is represented as 𝑠 (𝑚
𝑧
) = [𝑐 (

𝑚

𝑧
) ∗ 𝑝 (

𝑚

𝑧
)] ∙ 𝑒(

𝑚

𝑧
), where 𝑐 (𝑚

𝑧
) is a comb function with 

peaks spaced by 𝐿
𝑧
; 𝑝 (𝑚

𝑧
) is the “peak shape” representing the shape of each peak in the comb; 

and 𝑒(𝑚
𝑧
) is the envelope function that describes the abundance distribution of each adduct 

stoichiometry, Lj. [𝑐 (
𝑚

𝑧
) ∗ 𝑝 (

𝑚

𝑧
)] itself is a periodic function with period 𝐿

𝑧
 which inherently 

encodes the m/z spacing as well as the relative abundance of B1, B2, …, Bn and mass spectral 

peak widths associated with each of them; and 𝑒(𝑚
𝑧
) is typically much broader in m/z than 𝐿

𝑧
 for 

Nanodiscs, long-chain polymers, and many similar highly polydisperse ion populations.26 The 

Fourier Transform of 𝑠 (𝑚
𝑧
) is 𝑆(𝑘) = [𝐶(𝑘) ∙ 𝑃(𝑘)] ∗ 𝐸(𝑘), with [𝐶(𝑘) ∙ 𝑃(𝑘)] a periodic 

function of period 2𝜋𝑍
𝐿

, and 𝐸(𝑘) now the shape of each peak in the frequency spectrum 𝑆(𝑘) 

(typically much narrower than the frequency spacing, 2𝜋𝑍
𝐿

). Our goal is to extract [𝐶(𝑘) ∙ 𝑃(𝑘)] 

from 𝑆(𝑘) and invert the FT to recover the m/z spacing as well as the relative abundance of B1, 

B2, …, Bn (mod L) and mass spectral peak widths associated with each of them. 

 





a theorem that the phase there must be 0 because the mass spectrum is real-valued. One needs to 

simply invert the recovered comb spectrum [𝐶(𝑘) ∙ 𝑃(𝑘)] to recover an image, averaged over all 

Lj states, of the m/z spacings and relative abundance of B1, B2, …, Bn (mod L) and their mass 

spectral peak widths. This spectrum is the MMD profile of the ion population. Unique 

advantages of this approach over “direct” approaches within in the m/z domain are that 

information from different charge states can in many cases be easily isolated and used to 

determine charge-state-specific MMD profiles, white noise at almost every frequency is 

eliminated, and a deconvolved “zero-charge” mass spectrum (in this case, mod L) can be readily 

reconstructed as desired from the individual charge-state-specific reconstructions. 

Mathematically and empirically, two challenges that sometimes arise in this approach are 

identifying appropriate (𝑚
𝑧
)0 values to use for each charge state and handling the ambiguity of 

frequency-domain charge state magnitudes at 𝑘 = 0, where signal from all charge states overlap. 

In solving the first challenge, it is often useful to first analyze the FT spectrum of the initial mass 

spectral data (i.e., without counter-rotation) to reconstruct m/z envelopes for each charge state, as 

described in our previous publications.24, 26, 28 These m/z envelopes can then be straightforwardly 

used to guess (𝑚
𝑧
)0 needed for the phase reconstruction described above by computing the 

centroid of each envelope. This is generally easy to do, as long as 𝑒(𝑚
𝑧
) has a clear maximum. 

The second challenge is circumvented by assuming both the phase and magnitude at k = 0 are 

zero. Because mass spectra are real valued by definition, the phase at 𝑘 = 0 must be zero. We 

can also justify the zero-magnitude assumption for well-resolved ion populations with low 

baseline in the m/z-domain, where the integral over the mass spectrum and thus the FT 

magnitude at k = 0 for each charge state is relatively small and setting it equal to zero for each 

charge state before inverse FT merely adjusts the baseline of the reconstructed MMD profile by a 

small amount. For poorly resolved ion populations and/or those with a large noise baseline, the 

magnitude of the FT at k = 0 can be significant, and the apparent zero of abundance in the MMD 

profile will be systematically low by an indeterminate constant, although peak positions and 

shapes in the MMD are well-preserved. This baseline discrepancy also occurs in mass-domain 

MMD, where noise sums up across the spectra to yield a significant baseline, and in both cases 

can be compensated for by a linear baseline correction. 

 



Results and Discussion 

To explore the limits and robustness of the FT-based MMD analysis, ranging from 

signal-to-noise levels (Figure 2) to peak resolution (Table S3 and Figure S1), we start our 

discussion of the method with simulated spectra for which we know exactly the mass defects and 

their relative abundances. From there, we benchmark the method against the mass-domain MMD 

analysis integrated in UniDec using published, high-resolution Orbitrap spectra of melittin-

embedded Nanodiscs (Figure 3). Finally, to illustrate the ability of the algorithm to handle lower-

resolution data, as on currently available commercial Q-IM-MS instruments, we use it to 

investigate incorporation of Nanodisc MSPs with different masses using mass spectra acquired 

on a Synapt G2-Si Q-IM-TOF mass spectrometer (Figure 4). 

Simulated Data. As a proof of concept, a model spectrum was constructed to contain 

charge states 15+ through 20+ of a polydisperse population of DMPC lipids (mass approximated 

to 678 Da) with a 2:1 ratio of base masses with MMDs (mod 678 Da) of 417 Da and 117 Da, 

respectively. The resultant total MMD profile peaks were of a similar full-width half-maximum 

to the peaks in the original model spectrum (~47.1 m/z) and also preserved the 2:1 ratio of mass 

defect relative abundances. The analysis was repeated with several levels of white noise relative 

to the model spectrum’s global maximum, returning nearly identical results to those from a mass 

spectrum with a signal-to-noise ratio (SNR) of 5:1 (Figure 2, black), well below the commonly 

accepted limit of quantitation (SNR of 10:1).50 The ability of the FT-based MMD algorithm to 

perform well at such a low SNR arises from elimination of white noise contributions at almost all 

frequencies other than at the harmonic peaks where the phase is sampled. However, the fewer 

harmonics that are sampled, the fewer total data points the MMD profile contains (reducing 

profile resolution) and the more likely it is, in principle, that artifacts may dominate the MMD 

profile. Due to the ambiguity of charge-state-specific Fourier-domain amplitude at 0 frequency, 

as described above, a baseline correction was applied to the reconstructed MMD profiles to 

account for relative abundance distortion from the summation of charge-state-specific MMD 

reconstructions. The difference between applying baseline correction to the individual charge 

state mass defect profiles and applying the correction to the summation of the charge state mass 

defect profiles was found to be negligible (see Figure S2). These results indicate that this FT-

based MMD algorithm can be exceptionally useful for MMD analysis of low SNR data due to its 

high noise tolerance. 







the solution with a bulk concentration ratio of 24 melittin monomers per Nanodisc, which 

appears as two lower abundance peaks in the published UniDec MMD profile. These 

discrepancies are attributed to artifactual splitting of broad peaks that occurs when using a much 

narrower target peak shape, a well-known occurrence when using Richardson-Lucy sharpening 

algorithms.48, 51 

Comparison of the MMD profiles presented in Figure 3 after Richardson-Lucy peak 

sharpening reveals another minor difference between results from the two MMD analysis 

methods, namely, that the peak at ~180 Da in the UniDec reconstruction assigned to 

incorporation of 8 melittins for the 24:1 bulk melittin:Nanodisc sample is absent in the iFAMS 

MMD reconstruction. This is attributed to slight differences in the breadth of the un-sharpened 

peak, which splits into two peaks after Richardson-Lucy sharpening for the UniDec data but 

remains a single, narrow feature for the iFAMS reconstruction. This result indicates that care 

must be exercised in interpreting results from Richardson-Lucy sharpening for initially broad 

peaks. From the results both with and without Richardson-Lucy sharpening, we find generally 

excellent agreement between both the MMD profiles and melittin incorporation profiles as a 

function of bulk melittin:Nanodisc concentration for both the FT phase reconstruction method in 

iFAMS and the mass-domain results from UniDec. These results confirm the previously 

published conclusion that melittin incorporation is essentially non-specific in these samples. 

Nanodisc Scaffold Protein Incorporation. Having demonstrated the FT MMD analysis 

method’s ability to replicate and verify mass-domain MMD results for high-resolution data, we 

applied the FT algorithm to identify and compare scaffold protein compositions of Nanodiscs 

formed in a mixture of two types of MSP1D1 in data acquired on a lower-resolution (Q-IM-

TOF) instrument. These MSPs (with and without the histidine tag) are commercially available 

(Sigma-Aldrich, St. Louis, MO) for use in Nanodisc experiments, and the His-tagged variant can 

be used to immobilize the MSP on nickel resin for membrane protein incorporation or for 

purification purposes. One strategy for maximizing Nanodisc formation using nickel resin 

immobilization is to first immobilize the His-tagged variant and add additional non-His-tagged 

variant along with lipids and membrane protein during the Nanodisc synthesis steps. It is 

therefore of interest to determine to what extent His-tagged and non-His-tagged MSP's 

incorporate into mixed-MSP Nanodiscs. Given both MSP1D1 monomers and dimers are 

observed in native mass spectra of solutions containing this protein, indicating both states are 





(expected mod 677.9 Da mass defects of 24.3 Da and 514.4 Da for MSP1D1(−) homodimer and 

MSP1D1His homodimer, respectively), and there is little to no evidence heterodimers at the 

expected mass defect of 601.5 Da. The peak around 281.5 Da in the mixed MSP profiles 

indicates the presence of Nanodiscs containing three MSP monomers, a phenomenon which has 

been reported previously52 and is believed to have physiological analogs (i.e., in mature 

lipoprotein particles containing three monomers of apolipoprotein A-1 rather than MSP1D1).53 

Although relative abundances for the triplicate experiments exhibit enough variability to make 

quantitation of the different protein stoichiometries difficult, peaks corresponding to at least 

three and possibly four different protein stoichiometries are clearly visible among the MMD 

profiles. Overall, the agreement of the measured MMD peak positions with their theoretical 

values is somewhat worse for these lower-resolution data than for the high-resolution melittin-

Nanodisc data described above, presumably due to salt or other co-solute adduction in 

combination with the poorer resolving power of the Q-IM-TOF instrument. However, agreement 

of the FT-based algorithm results with theory is similar to or, in one case (the 514.4 Da peak), 

slightly better than the mass-domain algorithm (see Figure 4B). 

 

Conclusions 

Here, we have introduced a FT phase-based approach to MMD analysis in the program 

iFAMS which is complementary to existing mass-domain deconvolution tools (such as that in 

UniDec), allowing for orthogonal verification of MMD profile results. The spectral down-

sampling of the FT method filters out nearly all background random noise to produce reliable 

MMD profiles from spectra with SNRs as low as 5:1, expanding the analysis capabilities of 

lower-resolution instruments, such as Q-TOF instruments, or for tandem experiments such as ion 

mobility spectrometry and surface-induced dissociation, which are not as widely available at 

present on high-resolution (Orbitrap and FT/ion cyclotron resonance) instruments. Comparison 

of results from the iFAMS and UniDec algorithms confirms previously published results for 

melittin incorporation into Nanodiscs and provides strong evidence for the accuracy of both 

deconvolution methods. Results presented here using both mass-domain and FT-based MMD 

profile reconstruction of Nanodiscs formed from an equimolar mixture of MSP1D1(−) and 

MSP1D1His indicate Nanodiscs containing two MSP1D1(−) more readily assemble into these 

Nanodiscs. 



The FT phase-based method presented here has potential applications in extracting 

isoform profiles from a variety of heterogeneous samples exhibiting polydispersity, from 

branched polymers and polymer-conjugated protein therapeutics used to increase drug longevity 

in vivo54 to membrane protein-lipid/detergent complexes, as well as reconstructing isotope 

profiles for highly complex mass spectra which still exhibit isotope resolution. The new 

algorithm also provides a straightforward means of confirming analyses obtained from other 

orthogonal approaches, such as the mass-domain methods in UniDec, PMI Intact, and other 

deconvolution tools.9, 55 The FT MMD reconstruction algorithm described above has been 

incorporated into iFAMS v. 6.1 with both FT and GT-based implementations, which is publicly 

available as an open-source Python program at https://github.com/prellgroup/iFAMS/releases. 

Recent versions of UniDec are publicly available as an open-source Python program at 

https://github.com/michaelmarty/UniDec/releases. 
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Mathematical Proof 

Throughout the following proof, we denote a function 𝑓(𝑦) that depends parametrically on 
quantities 𝑎, 𝑏, …, as 𝑓(𝑦; 𝑎, 𝑏, … ). We also denote the mass-to-charge ratio m/z by 𝑥 for 
typographical clarity, and 𝑘 is defined as the frequency variable conjugate to 𝑥 in the frequency 
domain. 𝑀𝐿 denotes the mass of the repeated subunit/ligand in the ion population that gives rise 
to periodic signals in the frequency domain. 

Let Τ𝛼 denote a translation operator that translates a function to the right by 𝛼, e.g., Τ𝛼{𝑓(𝑦)} =

𝑓(𝑦 − 𝛼). Let 𝑐(𝑥;
𝑀𝐿

𝑍
) denote a comb function of 𝑥 with peak spacing 𝑀𝐿

𝑍
 (with a peak at 𝑥 = 0). 

Let 𝑒(𝑥; 𝑥𝑚𝑎𝑥(𝑍), 𝑍) denote a slowly-varying envelope function of 𝑥 with maximum, 𝑥𝑚𝑎𝑥(𝑍). 
Finally, let 𝑝(𝑥; 𝑍) be a peak shape function, defined between 𝑥 = 0 and 𝑥 =

𝑀𝐿

𝑍
. (It is trivial to 

account later for additional mass due to a charge carrier, such as a proton, in defining 𝑝(𝑥; 𝑍); 
see below.) 

The type of mass spectrum under consideration here is any such one that can be decomposed into 
the sum of charge-state-specific mass spectra 𝑠(𝑥; 𝑍) = [𝑐 (𝑥;

𝑀𝐿

𝑍
) × 𝑒(𝑥; 𝑥𝑚𝑎𝑥(𝑍), 𝑍)] ∗

𝑝(𝑥; 𝑍), with 𝑍 ∈ {𝑍𝑚𝑖𝑛, 𝑍𝑚𝑖𝑛 + 1, … , 𝑍𝑚𝑎𝑥} the range of observed charge states. It is assumed 
that 𝑒(𝑥; 𝑥𝑚𝑎𝑥(𝑍), 𝑍) and 𝑥𝑚𝑎𝑥(𝑍) may be different for each 𝑍. Without loss of generality, then, 
𝑒(𝑥; 𝑥𝑚𝑎𝑥(𝑍), 𝑍) can be defined such that 𝑥𝑚𝑎𝑥(𝑍) coincides with a peak of 𝑐 (𝑥;

𝑀𝐿

𝑍
), i.e., 

𝑥𝑚𝑎𝑥(𝑍) is an integer multiple of 𝑀𝐿

𝑍
. Emphatically, reconstructing the Macromolecular Mass 

Defect (MMD) profile for a particular charge state 𝑍 is equivalent to recovering 𝑝(𝑥; 𝑍) from 
observation of 𝑠(𝑥; 𝑍). (Optionally, if we furthermore assume that the mass distribution 
represented by 𝑝(𝑥; 𝑍) is identical for all observed charge states, this amounts to recovering a 
single peak shape function 𝑝(𝑥) common to all 𝑍 by summing over or otherwise averaging over 
the individual 𝑝(𝑥; 𝑍) after normalizing the 𝑥-axis for charge state.) 

To determine 𝑝(𝑥; 𝑍) from a charge-state-specific mass spectrum, we first note that 

𝑠(𝑥; 𝑍) = [𝑐(𝑥;
𝑀𝐿

𝑍
) × Τ𝑥𝑚𝑎𝑥(𝑍){𝑒(𝑥; 0, 𝑍)}] ∗ 𝑝(𝑥; 𝑍) 

By the Fourier Convolution Theorem, 

𝑆(𝑘; 𝑍) = [𝐶(𝑘;
𝑍

𝑀𝐿
) ∗ 𝑒−2𝜋𝑖𝑘𝑥𝑚𝑎𝑥(𝑍)𝐸(𝑘; 0, 𝑍)] × 𝑃(𝑘; 𝑍) 

and we note that 𝑘𝑥𝑚𝑎𝑥(𝑍) is an integer at each peak in the comb 𝐶(𝑘;
𝑍

𝑀𝐿
) by choice of 

𝑥𝑚𝑎𝑥(𝑍). 
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For sufficiently broad 𝑒(𝑥; 0, 𝑍), 𝐸(𝑘; 0, 𝑍) is narrow and decays to zero within 1

𝑀𝐿
 either 

side of 𝑘 = 0. In this case, we shall show that, by sampling this function at integer multiples of 
𝑍

𝑀𝐿
 (i.e., where the magnitude of 𝑆(𝑘; 𝑍) achieves local maxima), one can reconstruct 𝑝(𝑥; 𝑍). 

This can be difficult to do with the function in the form shown above, however, because 
𝑒−𝑖𝑘𝑥𝑚𝑎𝑥(𝑍) generally contributes rapid phase oscillations to 𝑆(𝑘; 𝑍) that make it practically very 
difficult to determine phase at specific values of 𝑘 for realistic data. 

To improve the situation, we first sample 𝑆(𝑘; 𝑍) by multiplying 𝑆(𝑘; 𝑍) by another copy 
of 𝐶(𝑘;

𝑍

𝑀𝐿
): 

𝑆(𝑘; 𝑍) ×  𝐶 (𝑘;
𝑍

𝑀𝐿
) = 𝐶(𝑘;

𝑍

𝑀𝐿
) × [𝐶(𝑘;

𝑍

𝑀𝐿
) ∗ 𝑒−𝑖𝑘𝑥𝑚𝑎𝑥(𝑍)𝐸(𝑘; 0, 𝑍)] × 𝑃(𝑘; 𝑍) 

On the right hand side of this equation, multiplication by the comb has the effect of sampling 
[𝐶(𝑘;

𝑍

𝑀𝐿
) ∗ 𝑒−𝑖𝑘𝑥𝑚𝑎𝑥(𝑍)𝐸(𝑘; 0, 𝑍)] at values of 𝑘 that are integer multiples of 𝑍

𝑀𝐿
, where  

[𝐶 (𝑘;
𝑍

𝑀𝐿
) ∗ 𝑒−𝑖𝑘𝑥𝑚𝑎𝑥(𝑍)𝐸(𝑘; 0, 𝑍)] = 𝐸(0; 0, 𝑍) × 𝑒−𝑖𝑘𝑥𝑚𝑎𝑥(𝑍). 

Thus, at the sampled values of 𝑘, 𝑆(𝑘; 𝑍) =  𝐸(0; 0, 𝑍) × 𝑒−𝑖𝑘𝑥𝑚𝑎𝑥(𝑍) × 𝑃(𝑘; 𝑍), or, 
equivalently, 

𝑆(𝑘; 𝑍) ×
𝑒𝑖𝑘𝑥𝑚𝑎𝑥(𝑍)

𝐸(0; 0, 𝑍)
= 𝑃(𝑘; 𝑍) 

Note that this function has stationary (i.e., very slowly varying) phase due to the nearly even 
symmetry of 𝑒(𝑥; 0, 𝑍). That is, the phase of this function at the sampled values of 𝑘 depends 
only on 𝑃(𝑘; 𝑍), because we have eliminated the (generally, rapidly oscillating) contributions 
from the envelope function, 𝐸(𝑘; 𝑥𝑚𝑎𝑥(𝑍), 𝑍). This is the key strategy that enables practical 
MMD profile reconstruction using the FT-based method, for the phase at peaks in the frequency 
domain is now relatively easy to see visually and measure accurately. In other words, sampling 
the Fourier Transform of the mass spectral signal, modulated by the scaled exponential on the 
left-hand side of this equation, is equivalent to sampling 𝑃(𝑘; 𝑍). 

Now, 𝐸(0; 0, 𝑍) is equal to the integral over 𝑒(𝑥; 𝑥𝑚𝑎𝑥(𝑍)), which we denote 𝑒̅(𝑍), thus 
it is proportional to the total ion population with charge state 𝑍, divided by 𝑍. Because the 
spacing of the frequency-domain samples is 𝑍

𝑀𝐿
, the inverse Fourier Transform of the sampled 

data set spans the interval 𝑥 ∈ [0,
𝑀𝐿

𝑍
), the same as the interval on which 𝑝(𝑥; 𝑍) is defined. 

Taking the inverse Fourier Transform of both sides, we have, on the interval 𝑥 ∈ [0,
𝑀𝐿

𝑍
): 

Τ−𝑥𝑚𝑎𝑥(𝑍){𝑠(𝑥; 𝑍)}/𝑒̅(𝑍) = 𝑝(𝑥; 𝑍) 

defined at a set of equally spaced points equal to the number of samples (i.e., harmonics used) in 
the frequency domain. 
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Equivalently, 

Τ−𝑥𝑚𝑎𝑥(𝑍){𝑠(𝑥; 𝑍)} = 𝑒̅(𝑍) × 𝑝(𝑥; 𝑍) 

This is a reconstruction of 𝑝(𝑥; 𝑍) weighted by the total ion population for charge state 𝑍 divided 
by 𝑍, i.e., it is the MMD profile for charge state 𝑍, the main target for reconstruction. 

To combine 𝑝(𝑥; 𝑍) from all observed values of 𝑍 into a single charge-state-averaged 
MMD profile 𝑝(𝑥), one can simply translate each 𝑝(𝑥; 𝑍) cyclically to the left by (mass of the 
charge carrier/1), normalize for charge by replacing 𝑥 by 𝑍𝑥, and interpolate and sum the 
resulting “zero-charge” MMD profiles over the set of all observed 𝑍. Note that the axis 
transformation 𝑥 ↦ 𝑍𝑥 naturally accounts for the 1/𝑍 scaling of 𝑒(𝑥; 𝑥𝑚𝑎𝑥(𝑍), 𝑍) such that each 
charge state’s contribution to the summed MMD profile (𝑝(𝑥)) is simply proportional to its total 
ion population. 

In summary, the FT-based MMD reconstruction presented here is based on the following idea: 
we take advantage of the Stationary Phase Approximation to confidently determine the phase 
contribution of 𝑃(𝑘; 𝑍), which is what is needed to reconstruct 𝑝(𝑥; 𝑍). 
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Table S1 List of all UniDec parameters of used for spectral deconvolution of melittin-embedded 
Nanodisc data, in order as they appear in MetaUniDec Version 4.2.1. Richardson-Lucy peak 
sharpening reconstructions to recreate published profiles consisted of selecting publication mode, 
changing “Nearby Point Smoothing” to “None” and setting “Point Smooth Width” to zero. 

Data Processing 
  

Peak selection/ 
extraction/plotting 

  

m/z range 1979.925 1000000 Picking range 50000  

Background subtraction 0 
 

Picking threshold 0.1  

Bin every 0 
 

Peak normalization type Max  

Normalize data? Yes 
 

Peak extraction method Height  

UniDec Params 
  

Extraction window 0  

Charge range 10 18 Extraction Threshold 10  

Mass range 100000 200000 Extraction normalization type Max  

Sample mass every 10 
 

Add'tl Plotting Params   

Quick Controls 
  

2D color map type nipy_spectral  

Smooth charge state 
distribution? 

Yes 
 

Peaks color map type rainbow  

Auto m/z peak width? Yes 
 

Spectra color map type rainbow  

Level of Nearby-Point 
Smoothing  

Some 
 

Discrete plot? No  

Level of artifact suppression None 
 

Publication mode? 
(Richardson-Lucy peak 
sharpening) 

No  

Mass defect 666.9 
 

Reconvolve w/peakshape or 
raw 

Raw  

Add'tl Deconv Params 
  

Marker threshold 0.1  

Peak FWHM 10 
 

Species separation 0.025  

Peak shape function Gaussian 
 

Integration range -1000 1000 

Beta 0 
 

Limits on # of spectra 100 20 

Charge smooth width 1 
 

Mass Defect Analysis   

Point smooth width 1 
 

Number of Defect Bins 50  

Mass smooth width 1 
 

Subunit mass 666.9  

Native charge offset range -100 100 X-axis mass(Da)  

Isotopes (isotopic resolution 
only) 

Off 
 

 

Manual mode No 
 

Negative mode No 
 

Charge scaling No 
 

Mass list window N/A 
 

m/z to mass transformation 
type 

Interpolate  

Maximum number of 
iterations 

100 
 

Adduct mass 1.007276 
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Table S2 List of all UniDec parameters of used for spectral deconvolution of melittin-embedded 
Nanodisc data, in order as they appear in UniDec Version 4.2.1. 

 

Data Processing 
  

Peak selection/ 
extraction/plotting 

  

m/z range Full spectrum 
 

Picking range 500  

Background subtraction 0 
 

Picking threshold 0.1  

Bin every 0 
 

Peak normalization type Max  

Normalize data? Yes 
 

Peak extraction method Height  

UniDec Params 
  

Extraction window 0  

Charge range 9,10,11 15,17,18 Extraction Threshold 10  

Mass range 8000 300000 Extraction normalization type Max  

Sample mass every 10 
 

Add'tl Plotting Params   

Quick Controls 
  

2D color map type nipy_spectral  

Smooth charge state 
distribution? 

Yes 
 

Peaks color map type rainbow  

Auto m/z peak width? Yes 
 

Spectra color map type rainbow  

Level of Nearby-Point 
Smoothing  

Other 
 

Discrete plot? No  

Level of artifact suppression None 
 

Publication mode? 
(Richardson-Lucy peak 
sharpening) 

No  

Mass defect 677.9 
 

Reconvolve w/peakshape or 
raw 

Raw  

Add'tl Deconv Params 
  

Marker threshold 0.1  

Peak FWHM 0.85 
 

Species separation 0.025  

Peak shape function Gaussian 
 

Integration range -1000 1000 

Beta 0 
 

Limits on # of spectra 100 20 

Charge smooth width 1 
 

Mass Defect Analysis   

Point smooth width 100 
 

Number of Defect Bins 50  

Mass smooth width 1 
 

Subunit mass 677.9  

Native charge offset range -100 100 X-axis mass(Da)  

Isotopes (isotopic resolution 
only) 

Off 
 

 

Manual mode No 
 

Negative mode No 
 

Charge scaling No 
 

Mass list window N/A 
 

m/z to mass transformation 
type 

Smart  

Maximum number of 
iterations 

100 
 

Adduct mass 1.007276 
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Single-Peak 
Assumption 

Relative 
Abundance 

1 / 1 0.5 / 1 0.25 / 1 0.125 / 1 

Peak 
Separation 

     

0σ  0.00 / 0.00 0.00 / 0.00 0.00 / 0.00 0.00 / 0.00 

1σ  -50.00 / 50.00 -66.67 / 33.33 -80.00 / 20.00 -88.89 / 11.11 

2σ  -100.00/100.00 -133.33 / 66.67 -160.00 / 40.00 -177.78 / 22.22 

3σ  6.06 / -5.66 20.89 / 3.89 48.25 / 11.63 -266.67 / 33.33 

4σ  1.81 / -1.59 4.87 / 0.27 9.29 / 1.25 15.65 / 1.68 

5σ  0.44 / -0.36 1.17 / 0.06 2.13 / 0.22 3.68 / 0.32 

6σ  0.09 / -0.06 0.21 / 0.00 0.41 / 0.04 0.70 / 0.05 

 

Multi-Peak 
Assumption 

Relative 
Abundance 

1 / 1 0.5 / 1 0.25 / 1 0.125 / 1 

Peak 
Separation 

     

0σ  80.11 / -79.47 80.11 / -79.47 80.11 / -79.47 80.11 / -79.47 

1σ  39.88 / -39.24 33.90 / -43.91 27.68 / -46.94 22.53 / -48.70 

2σ  16.95 / -16.38 8.22 / -21.95 -3.63 / -25.11 -16.66 / -26.80 

3σ  6.06 / -5.66 20.89 / 3.89 48.25 / 11.63 -29.35 / -12.69 

4σ  1.81 / -1.59 4.87 / 0.27 9.29 / 1.25 15.65 / 1.68 

5σ  0.44 / -0.36 1.17 / 0.06 2.13 / 0.22 3.68 / 0.32 

6σ  0.09 / -0.06 0.21 / 0.00 0.41 / 0.04 0.70 / 0.05 

 

Table S3 Deviations of peak centroid calculations of simulated data in the assessment of the 
automated peak selection method used for calculation of mass defect peak areas (approximating 
peak boundaries by dropping a line to zero at local minima), means and full-width-half-max 
(FWHM). The simulated data consisted of two gaussian peaks with σ = 100, with deviations for 
both peaks represented in each cell, separated by “ / ”. The single and multi-peak assumptions 
respectively reflect whether the simulated data was assumed to contain a single peak or multiple 
peaks. 
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Melittin-Incorporated DMPG Nanodisc Data 
 # of 

Melittin 
Mass Defect 
(Expected) 

Mass Defect 
(Peak 

Integration) 

Standard 
Deviation 

FWHM RMSD 

UniDec       
0 0 72.4253 48.1208 33.4451 78.7571 24.3045 

1.5 0 72.4253 62.9280 39.0801 92.0266 35.8189 

1 251.2879 289.6118 58.3700 137.4509  

2 430.1505 478.0050 39.9752 94.1343  

3 0 72.4253 60.4752 27.3609 64.4301 20.0798 

1 251.2879 255.3657 33.6639 79.2724  

2 430.1505 462.5566 61.9354 145.8468  

6 0 72.4253 79.1632 40.4490 95.2501 11.5677 

1 251.2879 234.0467 25.7910 60.7331  

2 430.1505 418.3673 26.3267 61.9945  

3 609.0131 601.6822 26.5076 62.4206  

9 4 120.9090 131.5617 28.7969 67.8115 21.9732 

5 299.7716 312.1929 30.2316 71.1899  

6 478.6341 438.2619 34.9606 82.3258  

3 609.0131 614.8098 29.0172 68.3304  

12 4 120.9090 141.2823 36.6193 86.2319 16.8861 

5 299.7716 312.1315 37.9574 89.3828  

6 478.6341 467.4528 39.8328 93.7991  

7 657.4967 636.3380 35.7912 84.2818  

24 4 120.9090 166.9398 38.3100 90.2131 23.9999 

5 299.7716 305.9560 24.8769 58.5807  

6 478.6341 485.1766 24.0776 56.6984  

7 657.4967 0.6997 21.9070 51.5870  

iFAMS       

0 0 72.4253 64.9467 42.9032 101.0292 7.4786 

1.5 0 72.4253 66.7901 48.1732 113.4392 19.8326 

 1 251.2879 281.1103 28.0318 66.0098  

 2 430.1505 414.0611 22.2513 52.3978  

3 0 72.4253 78.6316 30.3582 71.4882 17.0410 

 1 251.2879 265.3121 29.5446 69.5723  

 2 430.1505 455.3694 28.9354 68.1377  

6 0 72.4253 78.4087 26.1854 61.6618 3.5184 

 1 251.2879 247.6519 28.4922 67.0940  

 2 430.1505 430.3194 30.9833 72.9601  

 3 609.0131 609.6964 24.9687 58.7967  

9 4 120.9090 148.7955 29.0347 68.3716 21.5303 

 5 299.7716 317.0059 28.5935 67.3325  

 6 478.6341 483.3089 25.1844 59.3048  

 3 609.0131 636.5390 30.7236 72.3486  

12 4 120.9090 157.6944 29.5105 69.4920 22.4782 

 5 299.7716 322.9966 29.8685 70.3350  

 6 478.6341 489.9335 31.3901 73.9181  

 7 657.4967 656.5886 30.6896 72.2685  

24 4 120.9090 161.5878 28.4118 66.9046 27.5792 

 5 299.7716 323.0740 30.4655 71.7408  

 6 478.6341 500.3669 29.5352 69.5501  
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 7 657.4967 9.7932 27.5030 64.7646  

Mixed-MSP DMPC Nanodisc Data  
 Mass Defect 

(Expected) 
Mass Defect (Peak 

Integration) 
Standard 
Deviation 

FWHM RMSD 

UniDec  
Histidine-

tagged only 
514.4000 617.3985 121.7994 286.8157 102.9985 

     
His-tag cleaved 

only 
24.3000 668.0286 94.19822 221.8199 34.17143 

     
Mixture 
Ambient 

281.5000 272.2444 40.82698 96.1402 38.61799 
514.4000 456.4018 40.52664 95.43293  
608.3000 670.1908 66.94955 157.6541  

Mixture 
90℃ for 

10 minutes 

281.5000 278.2126 41.57944 97.91209 24.16901 
608.3000 642.3217 96.37299 226.9411  

     
Mixture 
80℃ for 

60 minutes 

514.4000 445.7393 41.72021 98.24359 62.39332 
608.3000 663.7217 83.5257 196.688  

     
iFAMS  

Histidine-
tagged only 

514.4000 611.1677 124.0128 292.0279 96.76774 
     

His-tag cleaved 
only 

24.3000 13.20665 110.7438 260.7817 11.09335 
     

Mixture 
Ambient 

281.5000 302.1674 41.05884 96.68617 16.36484 
514.4000 496.8346 36.28081 85.43478  
24.3000 32.53034 62.16065 146.3771  

Mixture 
90℃ for 

10 minutes 

281.5000 249.8713 4.766691 11.2247 35.5234 
608.3000 647.3313 111.9027 263.5106  

     
Mixture 
80℃ for 

60 minutes 

514.4000 461.7888 44.15045 103.9664 59.98376 
608.3000 674.8444 81.62567 192.2138  

     
 

Table S4 Statistical information for assessment of MMD analysis mass defect accuracy as 
expected from empirically determined masses. Peak integration for calculating peak centroids 
and standard deviations was performed with the assumption each peak begins and ends abruptly 
at local minima in the mass defect profile. Data is presented only for peaks selected by an 
automated peak selection method and which are shared between the two MMD analysis methods. 
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Figure S2 Charge-state-specific (green, red, purple and brown traces) and total MMD profiles 
(blue and orange traces) for melittin-embedded Nanodiscs prepared at a bulk melittin:Nanodisc 
ratio of 6:1. Baseline correction was applied to either the individual charge state profiles (orange) 
or their interpolated sum (blue) with negligible difference, so the MMD profile baseline 
correction implemented in iFAMS 6.1 is arbitrarily applied after summation of the charge-state-
specific profiles. 
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Figure S3 Example native mass spectrum of membrane scaffold protein MSP1D1(−), taken with 
a trap voltage of 5 V and trap gas flow rate of 3 mL/min, showing both native monomer (black 
charge states) and dimer (blue charge states) signals. The presence of higher charge states (~11-
21+) indicates some partially unfolded monomer population. 
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Figure S4 Example native mass spectrum of membrane scaffold protein MSP1D1His, taken with 
a trap voltage of 25 V and trap gas flow rate of 5 mL/min, showing both native monomer (black 
charge states) and dimer (blue charge states) signals. The presence of higher charge states (~11+ 
and above) indicates some partially unfolded monomer population. 
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