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a b s t r a c t

Cells are surrounded by a protective lipid bilayer membrane, and membrane proteins in the bilayer
control the flow of chemicals, information, and energy across this barrier. Many therapeutics target
membrane proteins, and some directly target the lipid membrane itself. However, interactions within
biological membranes are challenging to study due to their heterogeneity and insolubility. Mass spec-
trometry (MS) has become a powerful technique for studying membrane proteins, especially how
membrane proteins interact with their surrounding lipid environment. Although detergent micelles are
the most common membrane mimetic, nanodiscs are emerging as a promising platform for MS. Nano-
discs, nanoscale lipid bilayers encircled by two scaffold proteins, provide a controllable lipid bilayer for
solubilizing membrane proteins. This Young Scientist Perspective focuses on native MS of intact nano-
discs and highlights the unique experiments enabled by making membranes fly, including studying
membrane protein-lipid interactions and exploring the specificity of fragile transmembrane peptide
complexes. It will also explore current challenges and future perspectives for interfacing nanodiscs with
MS.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction: membrane proteins

1.1. The importance and challenges of membrane proteins

Each cell is surrounded by a diverse lipid bilayer membrane,
which forms a chemical barrier separating the cell from the
external environment. Membrane proteins embedded in lipid
membranes serve as transporters that move chemicals across the
barrier, receptors that transmit information in and out of the cell,
and enzymes that play important roles in energy conversion,
signaling, and metabolism. Membrane proteins thus play critical
roles in nearly all biochemical processes. Due to these important
biological roles and relative accessibility on the outside of the cell,
membrane proteins make up a major fraction of drug targets [1,2].

Despite the pharmaceutical importance of membrane proteins,
there is a significant gap in our understanding of their structure and
interactions. For example, membrane proteins make up around 30%
of the proteome [3] but only around 2e3% of high-resolution
structures. One challenge in studying membrane proteins that
contributes to this gap is their unique amphipathic nature. Natural
membranes are highly heterogeneous and insoluble, so membrane
proteins generally need to be solubilized and isolated prior to
analysis using an artificial membrane mimetic that replaces this
natural lipid environment. However, because lipids can be critical
in membrane protein structure and function [4,5], it can be chal-
lenging to extract membrane proteins from natural lipid bilayers
while still preserving their natural behavior.

Although lipids can clearly be important for membrane protein
activity, the molecular mechanisms of membrane protein-lipid
interactions are often unclear because it is challenging to study
these polydisperse interactions. Thus, there is a gap between
measuring the global lipid composition and understanding local
membrane protein-lipid interactions. For example, the global
membrane lipid composition changes as a function of age, diet, and
disease [6e8], but it is largely unclear how these changes modulate
membrane protein activity. Understanding how lipids modulate
membrane proteins at the molecular level will help trace the
mechanisms between global lipidomic information and biological
outcomes. Moreover, understanding membrane protein-lipid in-
teractions will help optimize membrane mimetics for drug dis-
covery and structural biology that better capture the natural lipid
environment of membrane proteins.

1.2. Key questions about membrane protein-lipid interactions

Diving further, there are many unanswered questions about
howmembrane proteins and lipids interact. First, how do the lipids
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that surround a given membrane protein differ from the bulk lipid
bilayer? Localization and/or binding of specific lipids to the mem-
brane protein may mean that the local lipids that touch the
membrane protein, referred to as annular lipids (Fig. 1), are
different than the bulk lipids. Second, how andwhere do lipids bind
on the membrane protein surface? How specific are lipid binding
sites, and what drives this specificity? Do specific lipids modulate
protein interactions or dynamics? Finally, are functional effects
driven more by specific binding or by general bulk membrane
properties? Because mass spectrometry (MS) can identify lipids
and quantify both the number of bound lipids as well as relative
lipid ratios, MS has a significant role to play in answering these
mechanistic questions about membrane protein-lipid interactions.
1.3. Membrane mimetics

One challenge with MS of membrane proteins is addressing the
unique solubility challenges of membrane proteins in an MS-
compatible format. Detergent micelles, which consist of loose
micellar clusters of amphipathic small molecules, are the most
commonly used membrane mimetic [9e11]. Detergents are highly
effective at solubilizing membrane proteins but may fail to suitably
reproduce the lipid bilayer environment found in natural
Fig. 1. (A) Model of a membrane protein nanodisc with a cutout side view. (B) Top
view of membrane protein nanodiscs with bulk lipids (light grey) and annular lipids
(black) shown.
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membranes [12e14]. Often a range of different detergents need to
be screened to optimize detergent conditions for MS [15]. Thus,
there is a need for membrane mimetics that better replicate the
natural lipid environment of membrane proteins.

To address this challenge, alternative membrane mimetics have
emerged for solubilizing membrane proteins [16], including lipo-
somes, bicelles, amphipols, and lipid nanoparticles surrounded by
protein, peptide, or polymer belts. The most commonly used
alternative membrane mimetics for MS are nanodiscs (Fig. 1),
which were developed by Stephen Sligar and coworkers in 2002
[17]. Nanodiscs contain a roughly 10 nmwide lipid bilayer encircled
by two membrane scaffold protein (MSP) belts. Building on this
initial design, larger and smaller scaffolds are now also available by
using longer or shorter MSP sequences [18,19].

This Young Scientist Perspective will cover the growing use of
nanodiscs in mass spectrometry. Unlike a traditional review, I will
focus primarily on my research developing native MS of intact
nanodiscs as a tool to study membrane proteins and trans-
membrane peptides. Along the way, I will also highlight the
exciting MS applications of nanodiscs by others, starting with a
brief survey of other uses of nanodiscs in MS. Finally, I will offer
some commentary on current challenges and future directions for
research. The title pays subtle homage to John Fenn, who pioneered
the electrospray ionization (ESI) that made these studies possible
[20,21], and this Perspective will broadly explore how making
membranes “fly” inside the mass spectrometer can lead to unique
new insights and experiments.

2. Why use nanodiscs for MS?

Nanodiscs complement the strengths and weaknesses of other
membrane mimetics. The main strengths of nanodiscs for MS are:
1) They solubilize membrane proteins without detergents, which
avoids introducing large amounts of detergent into the mass
spectrometer. 2) Nanodiscs provide a lipid bilayer, which is more
physiologically relevant than detergents. 3) Although the artificial
lipid bilayer may not perfectly model natural membranes, the lipid
content can be controlled to create membranes with specific lipid
compositions. 4) Both sides of the protein are accessible for binding
studies, which is not true of liposomes. 5) The MSP belt is homo-
geneous. 6) Finally, nanodiscs are the most monodisperse mem-
brane mimetic.

The primary disadvantages of nanodiscs are: 1) They require
initial detergent solubilization of the membrane, which may
disrupt natural interactions. 2) Not all lipid combinations form
sufficiently flat bilayers that will assemble into nanodiscs. 3)
Because both sides of the nanodisc are accessible, transport assays
are essentially impossible. 4) Nanodisc assembly inevitably leads to
loss of material. 5) Finally, because nanodiscs create complex native
MS spectra, pure and monodisperse membrane proteins are often
required.

Overall, provided the membrane protein can be isolated with
sufficient yield and purity prior to assembly, nanodiscs provide a
unique combination of relative monodispersity and a controllable
lipid bilayer that makes themwell suited for MS. To date, nanodiscs
are the only membrane mimetic with sufficient homogeneity to
resolve an intact lipid bilayer with a membrane protein embedded
by native MS.

3. A brief survey of nanodiscs in mass spectrometry

The earliest MS application of nanodiscs from the labs of
Stephen Sligar and Milan Mrksich was in using matrix-assisted
laser desorption/ionization (MALDI) to monitor transducin
binding to rhodopsin in nanodiscs that were tethered on a



Fig. 2. Native mass spectrum of DMPC nanodiscs with deconvolved charge states
separated below in various colors. The inset shows the deconvolved mass distribution.
Each peak represents nanodiscs with a specific number of lipids.
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surface [22]. Conventional ESI and MALDI continue to be used for
detecting the types of lipids and membrane proteins embedded
in nanodiscs [23e25] as well as for measuring enzymatic activity
and ligand binding for membrane proteins inside the nanodisc
[26,27].

Nanodiscs are especially powerful in interactomics experiments
to capture and identify soluble binding partners to membrane
proteins in nanodiscs [28e30]. Here, nanodiscs with a target
membrane protein or lipid are the “bait” and soluble proteins are
the pool of unknown binders. Alternatively, nanodiscs can be
formed from an unpurified mixture of membrane proteins that
capture the membrane proteome, a solubilized membrane protein
library (SMPL) [31e34]. Here, a soluble protein target serves as the
“bait”, and the nanodisc library provides a pool of unknown
binders.

Finally, nanodiscs are becoming more widely used in structural
proteomics. John Engen and coworkers were the first to interface
nanodiscs with HDX to measure the dynamics of membrane pro-
teins in lipid bilayers [35e38], and this combination has since been
used broadly [39,40]. Michael Gross and Robert Blankenship used
fast photooxidation of proteins (FPOP) to probe solvent accessibility
and membrane topology of light-harvesting complex 2 embedded
in nanodiscs [41]. Nanodiscs have also been used for limited pro-
teolysis [42,43]. These applications demonstrate the broad utility of
nanodiscs for studying membrane proteins with a diverse array of
MS methods.

4. Interfacing nanodiscs and native MS

4.1. Native MS of empty nanodiscs

As a graduate student with Stephen Sligar, I collaborated with
Michael Gross to examine nanodiscs by native MS. We started
with the simplest systems: “empty” nanodiscs with dimyristoyl-
phosphatidylcholine (DMPC) or palmitoyl-oleoyl-
phosphatidylcholine (POPC) lipids without embedded mem-
brane proteins [44]. Nanodiscs were buffer exchanged into
ammonium acetate and ionized by nano-ESI. The first FTICR
spectra showed a complex series of peaks that contained broad
distributions with sharp peaks on top. The sharp peaks corre-
sponded to intact nanodiscs with different numbers of lipids. For
example, some nanodiscs had 155 DMPC molecules while others
had 156 or 154. This intrinsic polydispersity manifested as a se-
ries of sharp peaks separated by the mass of the lipid (Fig. 2). A
subsequent study showed that the broader distributions were
caused by constructive overlap between adjacent charge states
[45]. Algorithms initially designed to analyze these complex
nanodisc spectra [45] later evolved into UniDec, which has
become widely used in native MS [46]. Overall, these first studies
demonstrated that intact nanodiscs could be preserved inside the
mass spectrometer and that individual lipids could be resolved.

Since these initial studies, empty nanodiscs have continued to
be a proving ground for native MS. Ion mobility of empty nanodiscs
suggested that they likely retain a disc shape at lower collision
energies that collapses into a spherical shape at higher energies
[46]. Iain Campuzano, Joe Loo, and coworkers have used empty
nanodiscs to compare native MS methods on a range of different
instrument platforms [47,48]. Finally, empty nanodiscs provide a
predictable complexity that makes them ideal for testing new data
analysis approaches [49e51]. Methods for studying polydisperse
spectra have been integrated into the PMI Intact algorithm from
Protein Metrics and tested on nanodisc spectra [52]. Jim Prell and
coworkers have developed a range of Fourier-based data analysis
approaches that were used to study nanodiscs [53e55] but also are
useful for studying polymers, proteins with bound salt, and
3

membrane proteins in polydisperse detergent micelles [56]. Prell
and coworkers have also provided critical computational insights
into the mechanisms of lipid ejections from nanodiscs that reveal
how gas phase protonation of lipid head group effects dissociation
pathways [57].
4.2. Native MS of membrane proteins ejected from nanodiscs

The first uses of nanodisc native MS were from John Klassen’s
lab in a “catch-and-release” assay to study soluble proteins binding
to glycolipids embedded in nanodiscs [58e62]. Although the intact
nanodisc complex was not resolved, collision induced dissociation
(CID) released the protein with any bound glycolipids. Similar ex-
periments with glycolipid micelles showed lower and likely not
physiological affinities [63]. Thus, this research first demonstrated
the unique potential of nanodiscs to study protein-lipid in-
teractions and showed an application where nanodiscs were more
suitable than micelles.

The first report of integral membrane proteins in nanodiscs
came from Carol Robinson’s lab [64]. Here, native mass spectra
were compared from membrane proteins in micelles, amphipols,
bicelles, and nanodiscs. High levels of collision energy were used to
eject membrane proteins from the different membrane mimetics.
Interestingly, the relative amounts of monomer, dimer, and trimer
for DgkA (14 kDa monomer mass) were different among the four
membrane mimetics, with bicelles and nanodiscs (the two lipid
bilayer systems) favoring higher oligomers. These results revealed
that lipids can stabilize membrane protein oligomers [65]. They
also showed thatmembranemimetics can be hard to break apart by
CID. A modified instrument with high collision voltage was needed
to release membrane proteins from the mimetic with few lipids
bound. In the process, this high energy may disrupt the true olig-
omeric states present in the original membrane.

As a postdoc with Carol Robinson, my goal was to examine
membrane protein nanodiscs at lower collision energies. This was
enabled by development of high mass Orbitrap instrumentation
[66], which improved the effective resolution of the data, and
UniDec software, which allowed unbiased analysis of complex
spectra [46]. Using nanodiscs with an embedded trimeric
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ammonium transporter (AmtB, 126 kDa trimer mass) or tetrameric
aquaporin (AqpZ, 99 kDa tetramer mass) membrane protein com-
plexes with DMPC and POPC lipids, we discovered that the first
resolved species at low collision voltages were the membrane
proteins bound to dozens of lipids, the full lipid annulus [67]. The
two MSP belts were lost at low energies prior to the complex being
resolved. Under increasing collisional activation, the annular lipids
could be further stripped off before the membrane protein oligo-
mers broke apart. These results demonstrated the unique potential
of nativeMS of nanodiscs to study weakly bound annular lipids that
could not be captured in detergent micelles.

Since these initial studies, ejection of membrane proteins from
nanodiscs has since been used in several applications. A recent
report from Neil Kelleher, Amy Rosenzweig, and coworkers
demonstrated that nanodiscs could be used as a launchpad for top-
down proteomics [68]. Here, a copper-dependent membrane
metalloenzyme in nanodiscs (pMMO, 99 kDa timer mass) was
subjected to multiple levels of activation to first release the com-
plex from the nanodisc, then dissociate the complex into isolated
proteins, and finally break the peptide backbone to locate the
copper binding sites. Nanodiscs were complementary to de-
tergents, opening dissociation pathways for top-down fragmenta-
tion that were not possible in micelles.

Another approach to nanodisc native MS is with laser-induced-
liquid-bead-ion-desorption (LILBID). Increasing the laser power
during LILBID ionization can cause dissociation through unique
pathways that are not generally seen through CID. Nina Morgner
and coworkers showed that LILBID favors ejecting membrane
protein complexes that retain the MSP belts but few lipids [69e71].
Because LILBID generally produces singly charged fragments,
nanodiscs with complex lipids and polydisperse membrane pro-
teins can be analyzed. The primary challenges are that the spectra
have generally lower resolution, which may limit studying lipid-
protein interactions with small mass differences between the
lipids. Moreover, increasing laser intensities dissociate complexes
as they are ejected from the nanodisc, so it may be hard to rule out
some disruption of oligomeric states present in the intact
membrane.

4.3. Rejecting ejecting: chasing intact membrane protein nanodiscs

As I started my research group at the University of Arizona, my
goal was to use native MS to study membrane protein-lipid in-
teractions in mixed lipid nanodiscs. I was also interested in
measuring the oligomeric state of a membrane protein in an intact
nanodisc, avoiding all potential artifacts of CID. There were two
primary challenges. First, the combination of different lipids, MSP
belts, and membrane protein oligomers meant that spectra could
be impossible to assign unambiguously. To address this challenge,
we engineered MSP belts with added amino acids that would shift
the mass in predictable ways [72]. By mixing two belts prior to
assembly, we could use the peak shape patterns to encode the
oligomeric states of the MSP belts and disambiguate the
assignment.

The second challenge was that we lacked good tools for con-
trolling the dissociation of nanodiscs. To address this challenge, we
began exploring charge manipulation reagents. Charge reducing
reagents, such as imidazole or triethylamine, were known to sta-
bilize complexes for native MS by reducing the overall charge and
lowering the Coulombic repulsion that drives dissociation [73e75].
Conversely, supercharging reagents increased the charge acquired
during ESI and generally destabilized complexes for native MS
[76e78]. Thus, our hypothesis was that supercharging reagents
would destabilize nanodiscs whereas charge reducing reagents
would stabilize nanodiscs.
4

Empty nanodiscs and nanodiscs with small peptide complexes
behaved as predicted; they were stabilized by charge reducing re-
agents and destabilized by supercharging reagents [79e81]. Charge
reducing has since become an indispensable strategy for retaining
labile lipids and antimicrobial peptides in nanodiscs during native
MS [80e83]. However, membrane protein nanodiscs behaved un-
expectedly [79]. Nanodiscs with either AmtB or AqpZ were slightly
destabilized by the charge reducing reagent, imidazole. Super-
charging reagents showed a range of behaviors depending on the
reagent and instrument polarity. In positive ion mode, propylene
carbonate was partially stabilizing, capturing nanodiscs that had
lost around 20e40 lipids but retained the membrane protein
complex and both MSP belts. In contrast, glycerol carbonate was
strongly destabilizing in positive mode, ejecting membrane protein
complexes with only 0e20 bound lipids retained. In negative
ionization mode, these supercharging reagents were uniformly
stabilizing, capturing the membrane protein complex in an almost
fully intact nanodisc (Fig. 3). Using macromolecular mass defect
analysis [67] andmixedMSP belts [72] to unambiguously assign the
spectra, we demonstrated that AmtB was a trimer and AqpZ was a
tetramer in the intact lipid bilayers.

This study provided a toolbox of reagents to modulate nanodisc
stability and access new states in the gas phase, which we later
used to characterize membrane protein-lipid interactions in mixed
lipid nanodiscs (Section 4.4). It also showed the first resolved mass
spectra of membrane proteins in intact lipid bilayers. Preserving
the intact bilayer capturesmembrane proteins in their most natural
environment possible for native MS and avoids disrupting fragile
complexes, which we later employed to study antimicrobial pep-
tide complexes (Section 4.5).

4.4. Capturing membrane protein-lipid interactions in flight

Building on this initial study [79] with a single type of lipid in
the nanodisc, our hypothesis was that mixed lipid nanodiscs could
be used to measure the ratio of different lipids bound to the
membrane protein in varying states of activation. We assembled
AmtB into nanodiscs with a 50/50 mixture of POPC and palmitoyl-
oleoyl-phosphatidylglycerol (POPG) [84]. Using propylene car-
bonate, we detected the nearly intact nanodisc complex with both
MSP belts and around 120e175 lipids (Fig. 4). The average mass of
lipids in the intact nanodiscs was 745.5 Da, which is the average
mass of a 50/50 mixture of POPC (760 Da) and POPG (749 Da).
Thus, the intact nanodiscs had the expected 50/50 POPC/POPG
distribution. Next, the spectra without charge manipulation re-
agents showed ejected AmtB with 40e130 bound lipids. The
average mass of bound lipids in this complex was slightly below
754.5 Da, indicating an enrichment in POPG as we strip away the
bulk lipids and retain only the bound annular lipids. Finally, we
used glycerol carbonate to eject AmtB from the nanodisc with
0e40 bound lipids. Lipids 7e40 also showed lower average lipid
masses, indicating POPG enrichment for the 20 most tightly bound
lipids. However, lipids 1e6 showed higher average lipid masses,
indicating an enrichment in POPC for the 6 most tightly bound
lipids. Combining these data with results from novel lipid
exchange-mass spectrometry experiments revealed that AmtB has
a few specific POPC binding sites but overall remodels its local
lipid environment to become enriched in POPG. Recently, a similar
approach was used to detect PG binding to LmrP, a bacterial
multidrug exporter (46 kDa monomer mass), ejected from nano-
discs [85].

Together, these data demonstrate that nanodisc native MS can
provide unique details into the specificities of a wide range of
protein-lipid interactions. Using a toolbox of supercharging re-
agents, we can measure lipid enrichment in the full nanodisc



Fig. 3. POPC nanodiscs with embedded AqpZ eject AqpZ with many bound lipids under conventional conditions (bottom right). Adding glycerol carbonate causes ejection with few
bound lipids in positive mode (bottom left) or preserves the intact nanodisc in negative mode (top right). Figure taken from ref. 71.

Fig. 4. (A) Deconvolved mass spectra of AmtB in 50/50 POPC/POPG nanodiscs with propylene carbonate (red), no additive (blue), or glycerol carbonate (black) show progressively
less lipid bound. Masses are shown as the number of lipids bound to the AmtB trimer. (B) The average lipid mass for different numbers of bound lipids. Average masses higher than
754.5 Da (dashed line) are enriched in POPC (black) whereas lower masses are enriched in POPG (green). Figure adapted from ref. 76.
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complex, in the annulus of lipids surrounding the protein, and in
the tightly bound lipids that are retained upon ejection.With AmtB,
we quantified the ratios of lipids bound in every state from the first
to the 175th bound lipid. We discovered that there are multiple
types of lipid binding sites with different specificities and strengths.
Future work will explore additional membrane protein targets and
lipid types to help understand broadly how membrane proteins
remodel their surrounding lipid environment.
5

4.5. Diving into antimicrobial peptides

Enabled by the ability to measure the oligomeric state of
membrane proteins in intact nanodiscs, we next explored small
transmembrane peptides, focusing on antimicrobial peptides
(AMPs). AMPs are generally cationic and amphipathic. The cationic
charge drives selectivity towards bacterial membranes, which are
generally rich in anionic lipids, and the amphipathicity drives



M.T. Marty International Journal of Mass Spectrometry 458 (2020) 116436
insertion into lipid bilayers to disrupt the bacterial membrane,
potentially by forming a toxic pore complex [86,87]. We had two
questions: 1) what stoichiometries of AMPs are present in mem-
branes; and 2) how do the lipids affect these complexes? Micelles
would not be suitable because the lipid bilayer is critical to the
interactions.

Klassen and coworkers were the first to investigate an AMP,
gramicidin A (GA), in nanodiscs using native MS [88]. Due to the
instrumentation, intact GA-nanodisc complexes were not resolved,
and GA had to be ejected from the nanodiscs. The advantage of this
approach is that clean signals for ejected GA could be studied by ion
mobility. However, a significant fraction of the ejected GA was
monomeric rather than the expected dimer. Ejection from the
nanodisc partially disrupted these small, fragile AMP complexes.

To avoid disruption by CID, our goal was to study AMPs in intact
nanodiscs with native MS. Adding AMPs directly to nanodiscs
allowed AMPs to dive into nanodisc membrane as they would
naturally. We titrated AMPs at increasing ratios of peptide/nanodisc
and used native MS to measure the stoichiometries of AMPs asso-
ciated with the nanodisc (Fig. 5) [81]. Because these small peptides
did not significantly shift the overall mass of the nanodiscs, subtle
shifts in the mass defect were used to quantify relative amounts of
different AMP stoichiometries. Formation of specific oligomeric
complexes was inferred from the stoichiometry distribution. For
example, GA had a distribution of even stoichiometries, indicating
that GA forms dimers in the membrane. In contrast, melittin
showed a random distribution of stoichiometries, indicating that
no specific oligomers were formed, either because melittin incor-
porated as monomers or formed complexes without specificity for
oligomeric state. LL37, a human AMP, showed non-random stoi-
chiometries that suggested partial specificity.

To explore how lipids influenced membrane interactions, we
tested nanodiscs with DMPC or dimyristoyl-phosphatidylglycerol
Fig. 5. Schematic of (A) adding AMPs to nanodiscs for (B) native MS analysis. (C)
Deconvolved mass spectra were analyzed using (D) macromolecular mass defect
analysis to determine the stoichiometries of AMPs associated with the nanodisc as (E)
increasing amounts of peptides were added. Figure taken from ref. 73.
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(DMPG), modelling neutral mammalian membranes and anionic
bacterial membranes respectively. GA had almost no specificity,
showing the same stoichiometries in both types of nanodiscs.
Melittin associated with both lipids but incorporated to a greater
degree in DMPG, demonstrating selectivity for anionic lipids. As we
continued to examine awider range of peptides [82], we discovered
that most behaved similarly to melittin, showing little if any pref-
erence for formation of specific oligomers but strong preferences
for anionic DMPG. Many AMPs that we tested had no interactions
with DMPC nanodiscs and only associated with DMPG nanodiscs,
showing that the charge of the lipid head groups is critical in
driving AMP specificity.

Overall, these studies demonstrate the unique power of nano-
discs and native MS to capture interactions of fragile and poly-
disperse complexes within lipid membranes. Conventional
structural biology techniques struggle with the polydispersity and
small size of AMPs. Other biophysical methods usually require la-
bels that may distort their interactions and provide ensemble
measurements rather than the stoichiometry distribution. Native
MS uniquely captures the oligomeric state distribution to reveal the
specificity of complex formation. Only nanodiscs provide the right
type of membrane mimetic for native MS of AMPs, providing a
controllable lipid bilayer that is homogeneous enough to capture
and interpret spectra of the intact membrane with embedded
AMPs.

5. Current challenges and future perspectives

Looking forward, the primary challenge for native MS of nano-
discs is complexity. Unlike detergent micelles, where naked protein
complexes can often be easily ejected, membrane proteins are
difficult to eject from nanodiscs. Supercharging is highly enabling
for destabilizing nanodiscs [79,84], but usually many lipids still
remain bound to the ejected membrane protein, forming complex
mass distributions. New data analysis approaches are critical to
addressing this polydispersity. Furthermore, new charge manipu-
lation reagents may open new dissociation pathways for studying
oligomerization and lipid binding. Modifications to the MSP belt
such as covalent circularization [89] may also help to stabilize the
nanodiscs and alter dissociation pathways. For all of these cases,
molecular dynamics may prove useful to understand both the ef-
fects of charge manipulation regents [90] and broader mechanisms
of how nanodiscs behave in the mass spectrometer. Finally, surface
induced dissociation (SID) [91] may be a promising path for eject-
ing membrane protein and peptide complexes without the disso-
ciation observed by CID. It is important to note that only a handful
of proteins have been studied in nanodiscs by native MS, and new
behaviors may be discovered as more complexes are explored and
new methods are employed.

Future research using nanodiscs native MS will also explore a
wider range of lipids. However, as different lipids are added to
nanodiscs, complexity again becomes a significant challenge. The
combination of lipids with different masses can easily overlap and
become unresolvable. We have been working to address this
complexity by using lipids with similar [92] or resonant masses
[83]. By choosing lipids with masses that overlap, we can resolve
intact nanodiscs with cholesterol, cardiolipin, and glycolipids in
addition to standard phospholipids. We are working on developing
MS-compatiblemixtures that model the head group composition of
natural membranes using this approach, but not all combinations of
lipids form stable bilayers amenable for nanodisc formation. Ulti-
mately, our goal is to provide resolvable nanodiscs with a rich lipid
composition that models natural biological membranes. As
methods develop, it may eventually be possible to work with
nanodiscs made from natural lipids, potentially using polymer belts
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to extract these directly from the membrane [93,94]. However,
these approaches are currently limited by the mass heterogeneity
(except with LILBID [95]) and will likely require extensive dissoci-
ation of the complex.

Finally, another challenge for native MS broadly is the need for
new ionizationmethods that are higher throughput and that can be
coupled with online separations. Currently, static nano-ESI needles
are the gold standard for nanodisc native MS. We have tested
several online ESI sources that work well for more stable systems,
but nanodiscs have proven too fragile, showing partial dissociation
when higher flow rates and larger tips diameters are used. Further
research is needed for nondenaturing ionization techniques that
can be coupled with online flow injection. High-throughput in-
jection techniques, such as RapidFire or Echo-MS [96,97], could
have enormous impact in native MS if the ionization conditions can
be optimized for preserving fragile noncovalent complexes like
nanodiscs.

In summary, nanodisc native MS has grown into a unique
platform for studying the interactions of membrane proteins.
Although detergent micelles provide the cleanest system for
measuring membrane protein oligomeric states or doing lipid ti-
trations, nanodiscs can reveal how membrane proteins broadly
remodel the surrounding lipid bilayer. In other words, detergents
are best for studying tight, specific lipid interactions whereas
nanodiscs are better for analyzing weaker, less specific interactions.
Furthermore, nanodiscs are essential for measuring interactions of
AMPs and other fragile transmembrane complexes that are highly
lipid dependent and/or too fragile to survive CID. By making intact
membranes fly, nanodiscs provide a unique and exciting platform
for native MS to study interactions with and within membranes.
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