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Abstract. Native mass spectrometry (MS) has
become an important tool for the analysis of
membrane proteins. Although detergent micelles
are the most commonly used method for solubi-
lizing membrane proteins for native MS, nano-
scale lipoprotein complexes such as nanodiscs
are emerging as a promising complementary ap-
proach because they solubilize membrane pro-
teins in a lipid bilayer environment. However, prior
native MS studies of intact nanodiscs have

employed only a limited set of phospholipids that are similar in mass. Here, we extend the range of lipids that
are amenable to native MS of nanodiscs by combining lipids with masses that are simple integer multiples of each
other. Although these lipid combinations create complex distributions, overlap between resonant peak series
allows interpretation of nanodisc spectra containing glycolipids, sterols, and cardiolipin. We also investigate the
gas-phase stability of nanodiscs with these new lipids towards collisional activation. We observe that negative
ionization mode or charge reduction stabilizes nanodiscs and is essential to preserving labile lipids such as
sterols. These new approaches to native MS of nanodiscs will enable future studies of membrane proteins
embedded in model membranes that more accurately mimic natural bilayers.
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Introduction

N ative or noncovalent mass spectrometry (MS) has become a
powerful technique to characterize membrane protein inter-
actions [1-3]. Conventional native MS relies on detergent mi-
celles to solubilize membrane proteins for electrospray ionization
(ESI). Collisional activation inside the mass spectrometer releases
the membrane protein from the detergent micelle for mass anal-
ysis. To address limitations with detergent micelles, alternative
membrane mimetics have been explored [4], including amphipols
[5-7], bicelles [8], styrene maleic acid lipid particles (SMALPs)
[9], and even vesicles of natural membranes [10].

Due to their relatively low polydispersity and high homo-
geneity, lipoprotein nanodiscs have emerged as a promising
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membrane mimetic for native MS. Nanodiscs have been used
to deliver integral membrane proteins [8, 11, 12], peripheral
membrane proteins [13, 14], and transmembrane peptides [15]
for native MS and to characterize large numbers of lipids bound
to membrane protein complexes [16]. Recent work found that
charge manipulation reagents enable a wide range of dissocia-
tion pathways, allowing the membrane protein to be either
ejected from the nanodisc or characterized within a nearly
intact nanodisc complex [17].

One advantage of nanodiscs is that they can be assembled
with a precisely defined composition of lipids. However, most
prior native MS used homogeneous nanodiscs formed with a
single phosphatidylcholine (PC) lipid. Hoi et al. explored na-
tive MS of nanodiscs containing mixtures of palmitoyl-oleoyl-
phosphatidylcholine (POPC), palmitoyl-oleoyl-
phosphatidylglycerol (POPG), and palmitoyl-oleoyl-
phosphatidylserine (POPS) lipids. Because these lipids are
similar in mass, with a maximum difference of 11 Da,
nanodiscs with mixtures of POPC/POPG and POPC/POPS
showed a well-resolved series of peaks separated by the
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average mass of the two lipids [18]. Peaks from nanodiscs with
the same total number of lipids but different populations of
each specific type of lipid overlapped into a single peak.
However, natural membranes are far more complex in compo-
sition and contain lipids with very different masses. As the
complexity of lipids in the nanodisc increases, the intrinsic
distribution in the number of lipids per nanodisc leads to
hundreds of mass states that could blur into a broad unresolv-
able hump.

To expand the types of lipids that are amenable for native
MS of nanodiscs, we hypothesized that mixed lipid nanodiscs
would be resolvable if the lipid masses are resonant, meaning
their masses are simple rational multiples of each other. Al-
though hundreds of mass states are present, constructive over-
lap of resonant states keeps the peaks resolvable. POPC,
POPG, and POPS are intrinsically resonant because their
masses are very close, a multiplier of one. Here, we extend
the resonance approach to a wider range of lipid combinations
and multipliers. For example, glycolipid GM1 is about twice
the mass of POPC, and cholesterol is about half the mass of
POPC. Cardiolipin has a more complex resonance because
twice the mass of tetramyristoyl cardiolipin (TMCL) is about
three times the mass of POPG. We discovered that each of
these combinations shows well-resolved native mass spectra.

Exploring the stability of these novel lipid combinations
towards collision-induced dissociation (CID), we found that
nanodiscs containing GM1 or TMCL are relatively stable
against CID, but sterols need to be stabilized by chemical
modifications, charge-reducing reagents, or negative ionization
mode. In addition to conventional lipoprotein nanodiscs
formed with ApoAl-based membrane scaffold proteins
(MSPs), we demonstrated lipid resonance with Saposin A
(SapA) lipoprotein nanoparticles, referred to as Salipro nano-
particles, SapNPs, or picodiscs [19-21]. Klassen and co-
workers have shown the potential of picodiscs as an alternative
membrane mimetic for native MS applications [22-25]. Ulti-
mately, using resonant lipids lays the foundation for creating
lipoprotein complexes that are suitable for native MS but are
more accurate models of natural membranes.

Methods

Materials

Imidazole, ammonium acetate, monosialoganglioside-GM1
from bovine brain, and Amberlite XAD-2 were purchased from
Sigma Aldrich. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (POPG), 1',3'-bis[1,2-dimyristoyl-sn-
glycero-3-phospho]-glycerol (TMCL), and cholesterol were pur-
chased from Avanti Polar Lipids. Cholesteryl hemisuccinate
(CHS) was purchased from Anatrace. Ergosterol was purchased
from Arcos Organics. Lipid structures are shown in Figure S1,
and key data is provided in Table S1. Membrane scaffold
proteins MSPD1 and MSPIDITI1 [12] were expressed in
Escherichia coli and purified by immobilized metal affinity
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chromatography (IMAC) as previously described [12, 26].
MSPIDITI is identical to MSPIDI1 except for an extra threo-
nine residue near the N-terminus. The additional mass of the
MSPI1DIT1 belts was used to confirm that the nanodiscs retain
both MSP belts during mass analysis in initial control POPC
nanodiscs [12]. TEV protease was utilized to cleave the
polyhistidine tag from the MSPs to form MSP1DI1(—) and
MSPIDITI1(-), respectively. SapA was expressed and purified
as previously described [20, 21, 27]. Briefly, SapA was
expressed in E. coli and purified via IMAC. TEV protease was
added to cleave the polyhistidine tag.

Nanodisc Assembly

Nanodiscs were prepared as previously described [12, 16, 28].
Briefly, nanodiscs were self-assembled by removal of deter-
gents by Amberlite XAD-2 hydrophobic beads from a mixture
of lipids and MSP. Lipids were mixed as chloroform stocks and
dried under nitrogen together before resuspension into 0.1 M
sodium cholate. POPC/GM1 mixtures were prepared at a molar
ratio of 98/2 and used the MSP1DI1T1(-) variant. All others
used MSP1D1(-). Lipid-sterol mixtures of POPC/cholesterol,
POPCl/ergosterol, and POPC/CHS were each prepared at a
molar ratio of 90/10. Lipid mixtures of POPG/TMCL were
prepared at a molar ratio of 95/5. Nanodiscs were assembled at
a molar ratio of 65/1 or 70/1 total lipid/MSP. Following addi-
tion of MSP and removal of detergent by hydrophobic beads,
assembled nanodiscs were purified with size exclusion chro-
matography (SEC) using a Superose 6 Increase 10/300 column
(GE Healthcare) into 0.2 M ammonium acetate at pH 6.8. Final
concentrations of nanodiscs were around 1-5 uM.

Saposin A Nanoparticle Assembly

Saposin A nanoparticles (SapNPs) were prepared as previously
described [20] using the same reconstitution approach as MSP
nanodiscs. Lipids were mixed as chloroform stocks and dried
before resuspension into 0.1 M sodium cholate. Lipid mixtures
of POPG/TMCL were prepared at a molar ratio of 95/5. SapNPs
were assembled at a molar ratio of 12/1 total lipid/SapA. Deter-
gent was removed by Amberlite XAD-2 hydrophobic beads
from a mixture of lipids and SapA to drive self-assembly.
Following self-assembly, assembled SapNPs were purified via
SEC using a Superose 6 Increase 10/300 column into 0.2 M
ammonium acetate at pH 6.8. The final concentration of SapA in
purified SapNPs was typically around 15-25 uM.

Mass Spectrometry

For charge reduction experiments, samples were mixed 9:1 v/v
with 400 mM (pH 7) imidazole (IM) for a final concentration of
40 mM IM [17]. Nano-electrospray ionization was performed
using clipped borosilicate needles pulled with a P-1000 micro-
pipette puller (Sutter Instrument, Novato, CA). Mass spectrom-
etry was performed using a Q-Exactive HF quadrupole-
Orbitrap mass spectrometer equipped with the ultra-high mass
range (UHMR) research modifications (Thermo Fisher
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Scientific) [29]. Instrumental parameters were used as previ-
ously described [12, 28]. Important parameters included 0.9—
1.6 kV for capillary voltage and 200 °C capillary temperature.
Scans were collected from 2000 to 25,000 m/z at a target
resolution of 15,000 with 10 microscans summed into one
scan. The collision voltage was applied in the high collisional
dissociation (HCD) cell and ramped from 0 to 100 V or 0—
200 Vin 5 V or 10 V increments, respectively with 1-min
acquisitions for each step. Source fragmentation was set to
20 V for positive ionization mode with no additives. For
negative ionization mode and imidazole experiments, the
source fragmentation was set to 50 V. Three separate nanodisc
or SapNP assembly reactions were measured for each sample
to validate the reproducibility of the results, and data is shown
for one representative replicate.

Mass Spectrometry Data Analysis

Native mass spectra were deconvolved using MetaUniDec as
previously described with modifications [28]. The mass range
for nanodiscs was set from 20 to 200 kDa with a charge range
from 1 to 30 and peak width of 10 m/z. The mass range for
SapNPs was set from 1 to 130 kDa with a charge range from 1 to
15 and a peak width of 5 m/z. The mass of a proton was used as
the ESI charge carrier. The mass of the charge carrier multiplied
by the charge was subtracted from the measured mass in positive
ionization mode (standard in UniDec) and added to the mass in
negative mode using the new negative mode option in UniDec.

A new point smooth feature of the UniDec deconvolution
algorithm was used to improve the deconvolution. The point
smooth assumes that neighboring data points should have
similar charge states. This is implemented as a mean filter of
width + n applied to each extracted charge state at the start of
each iteration, before the charge state smooth and Bayesian
deconvolution are applied [30]. Here, we used a point smooth
width of 1, so the mean filter averages the probabilities of each
data point with one neighboring point on each side for each
charge state. We combined this new point smooth with a log
mean mass smooth width of 2 and a Gaussian charge state
smooth width of 0.5. UniDec conventionally uses a log mean
filter for both mass and charge state smoothing, but the Gauss-
ian filter is available by adding a negative flag (an input value
of —0.5). It is not clear why this combination of filters is
optimal, but these provided the slightly fewer deconvolution
artifacts with nanodiscs and SapNPs in this study.

Each lipoprotein complex sample yields a distribution of
peaks with different numbers of lipids per complex, which are
separated by the mass of a lipid. To help visualize and analyze
the spectra, we utilized macromolecular mass defect analysis
[16]. We define the mass defect as the remainder of the mea-
sured mass divided by a reference lipid mass. For this study, we
have defined the reference lipid as either POPC (with sterols
and GM1) or POPG (with TMCL) because these are the most
abundant lipids in each complex. Except where noted, we
summed the mass defects across all measured masses and
collision voltages. The mass defect will always be between 0
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and 1, and mass defect values combine using modular arith-
metic. Because the mass defect of the reference lipid is 0, shifts
in mass defect of the complex must be caused by molecules that
are not the reference lipid, in this case, either the lipoprotein
belts or the other lipid components. An example workflow for
deconvolution and mass defect analysis is shown in Figure 1.

Results and Discussion
Mass Resonance

Because nanodiscs are formed by a random self-assembly
process, they have an intrinsic distribution in the number of
lipids per complex (Figure 1¢). Mixed lipid nanodiscs have an
additional distribution in the number of each lipid type that will
be binomial assuming ideal mixing [18]. For example, a
nanodisc with 140 total lipids could have 70 of one lipid and
70 of the other. The nanodisc could also have lipid populations
of 69/71, 71/69, and so on. The overlap between the distribu-
tion in number of total lipids and the distribution in types of
lipids can become very complex and can prevent nanodisc
spectra from being resolvable by native MS. The ability to
resolve these complex distributions depends on three factors:
(1) width of the peaks, (2) the difference in mass between the
two lipids, and (3) the relative molar ratio of each lipid.

To illustrate the effects of these parameters on an idealized
system, we simulated the mass distributions for nanodiscs with
140 total lipids/nanodiscs. POPC was chosen as the reference
lipid. A second theoretical lipid was simulated at different mass
defects ranging from 0.5 to 0.99 times the mass of POPC and at
different levels of incorporation ranging from 1 to 25%. We
simulated peaks with a full width at half max of 100 Da
(Figures S2 and S3) or 200 Da (Figure S4).

We observed several trends in the simulated mass distribu-
tions. First, narrower peaks obviously reduced the overlap be-
tween masses. Second, lower molar ratios of the added lipid had
less overlap due to their reduced complexity. At only 1% loading,
all mass defect combinations were resolvable, and peaks overlap
most at 50% loading. Finally, particular mass defect values were
favorable at any loading level. These “resonant” masses occurred
when the mass of one lipid is a simple integer multiple of the
other. In the simplest case, the mass defect of 0.99 was very close
to 1/1. Similarly, a mass defect of 0.5 corresponded to a resonance
of 1/2. A mass defect of 0.66 had a resonance of 2/3. A similar
approach can be useful in polymer analysis [31].

If we define a peak series as a repeating pattern of peaks
separated by the mass of the reference lipid, the denominator of
the resonance specifies the number of peak series present, as
shown in Figure S3. For example, a denominator of 1 shows a
single peak series spaced by the mass of the reference lipid. A
resonance of 1/2 gives an additional series with the same
spacing but shifted by half the mass of the reference lipid. As
the denominator gets larger, the pattern eventually leads to
complete overlap and unresolvable peaks (Figures S2 and
S4). We hypothesized that a careful choice of lipids with
resonant masses would allow more complex combinations of
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Figure 1. The positive ionization mode mass spectra (a, b) at 40 V CID of POPC-only (a, ¢, e, g) and POPC/GM1 (b, d, f, h)
nanodiscs are deconvolved into zero-charge mass distributions (¢, d). The mass defect summed over all the measured spectra is
shown for the 40 V step (e, f) and compared as a function of collision voltage (g, h), where the 40 V step is highlighted in gray

lipids to be assembled into lipoprotein complexes that are still
experimentally resolvable by native MS.

GM1 Nanodiscs

To test the hypothesis that lipid combinations with resonant
masses would be resolvable by native MS, we created nanodiscs
with a 98/2 mixture of POPC/GM1. GM1 is an important

glycolipid receptor for pathogens [13] and is thought to partition
into lipid rafts [32, 33]. Comparing control POPC-only
nanodiscs to POPC/GM1 nanodiscs, the spectra are well re-
solved and show similar deconvolved mass distributions (Fig-
ure la—d). Mass defects for control nanodiscs agreed well with
predicted values (Table S1), indicating adduction was minimal.

The mass of POPC is 760.08 Da, and GM1 is primarily a
mixture of two masses at 1545 and 1573 Da [13] (Table S1).
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Because the mass of two POPC molecules (1520.16 Da) is
close to the mass of one GMI, nanodiscs that differ in the
number of GM1 per complex overlap in mass with nanodiscs
with different numbers of POPC per nanodisc. For example,
POPC/GM1 nanodiscs have a peak at 150,139 Da. After
subtracting the mass of the two MSP belts, this peak could be
assigned to 133 POPC and 3 GMI1 (a mass of 150,099 Da,
assuming the most abundant form of GM1). It could also be
assigned to 131 POPC and 4 GM1 (150,152 Da). Because the
peak full width half max is around 150-200 Da, it is likely a
combination of these states and others that overlap to form the
peak at an average mass of 150,139 Da.

Extracting the intensity of the deconvolved mass distribution at
different combinations of POPC and GM1, we find that the
nanodiscs contain around 4 GM1 and 120-140 observed POPC
molecules, slightly higher than the expected 2% GM1 (Figure S5).
The added mass from the GM1 molecules shifts the observed
mass defect values from 0.29 to 0.57 (Figure le, f). The mass
defect of the most abundant GM1 is 0.07 (1573 Da/760.08 Da), as
shown in Table S2. Thus, 4 GM1 molecules should shift the mass
defect by 0.28, in excellent agreement with the observed shift.
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Thus, both mass defects or more traditional peak assignment can
be used to determine the lipid stoichiometries.

Because the mass defect does not shift as POPC/GM1
nanodiscs are collisionally activated (Figure 1h), GM1 is stable
towards dissociation, and POPC is the only lipid lost during
CID. The preference for ejection of POPC in positive mode is
likely because POPC is more readily able to become positively
charged and hence labile. GM1, in contrast, has a sialic acid
(Figure S1), so acquiring a net positive charge is less favorable.
This agrees with data from Klassen and coworkers showing that
GM1 is readily ejected as an anion in negative mode [13]. The
preferential dissociation of POPC may contribute to the higher
than expected observed levels of GM1. Together, these data
demonstrate that heterogeneous nanodiscs containing lipids with
very different masses are amenable to native MS provided that
the masses create an overlapping pattern of peaks.

Sterol Nanodiscs
Cholesterol is a critical membrane lipid for the animal kingdom

and is thought to have important interactions with G protein—
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Figure 2. The mass defect summed from all measured masses as a function of collision voltage for nanodiscs with (@) POPC only,
(b) POPC/cholesterol, (c) POPC/ergosterol, and (d) POPC/CHS for spectra collected in positive mode with no additive (left), positive
mode with added imidazole (center), and negative mode with no additive (right)
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coupled receptors [34, 35]. To explore native MS of nanodiscs
with cholesterol, we assembled nanodiscs with a 90/10 mixture of
POPC/cholesterol. The mass of cholesterol is 386.66 Da, which is
nearly half that of POPC (760.08 Da/2=380.04 Da). As with
POPC/GMI1 nanodiscs, we expected that nanodiscs with different
numbers of POPC and cholesterol per complex would construc-
tively overlap. Because two cholesterol molecules have nearly the
same mass as one POPC molecule, nanodiscs with an even
number of cholesterol molecules should be similar to control
POPC-only nanodiscs. Nanodiscs with an odd number of choles-
terol molecules should have a similar peak series but shifted by
the mass of cholesterol, as shown in Table S2 and Figure S3.
However, using positive ionization mode, we found that
nanodiscs with cholesterol had the same mass distribution as
controls with only POPC (Figure 2a, b). POPC has strong
electrostatic intermolecular interactions that likely help stabi-
lize nanodiscs in the gas phase. In contrast, cholesterol has only
one polar hydroxy moiety (Figure S1), so intermolecular inter-
actions in the bilayer are primarily driven by nonpolar interac-
tions that will likely become less relevant in the absence of
solvent. Thus, we suspected that cholesterol was dissociating
from the nanodisc in the gas phase. Imidazole has been shown
to stabilize nanodiscs for native MS by charge reduction, so we
investigated whether the addition of imidazole would stabilize
nanodiscs with cholesterol [17]. After adding 40 mM imidazole
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to the same samples, a second series was observed with a mass
defect shift of 0.5, which indicated that cholesterol was retained
in the nanodiscs. However, the series of peaks around mass
defect 0.1 (an even number of cholesterol molecules) was
greater than the series around mass defect 0.6 (an odd number
of cholesterol molecules). Because the evens and odds should
be the same height in a random mixture with this level of
incorporation (see Figure S3), the higher series of evens indi-
cates low levels of cholesterol were retained in the nanodiscs,
which leads to more POPC-only nanodiscs with no cholesterol.

Similar to GM1, we expect cholesterol to be less likely than
POPC to become positively charged and eject from the nanodisc
by Coulombic repulsion. Instead, we believe that cholesterol is
lost as a neutral due to weak intermolecular interactions with the
bilayer. We were unable to observe any cholesterol ions ejected
from the nanodisc during CID and only found signal for ejected
POPC ions. It may be that gas-phase distortions in the
bilayer—such as the collapse of nanodiscs at elevated collision
voltage previously seen by ion mobility spectrometry
[30]—cause cholesterol to be released. By stabilizing the
nanodisc complex as a whole, we believe that charge reduction
likely better preserves the structure of the bilayer and the weak
intermolecular interactions that hold cholesterol in the nanodisc.

We also analyzed the same nanodiscs with negative ioniza-
tion mode, which stabilizes POPC nanodiscs [17, 18]. Here, we
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Figure 3. Native mass spectra (a) in negative mode of MSP1D1(-) nanodiscs with 90/10 POPC/cholesterol from 25 to 50V CID. The
mass defect values summed over the whole spectrum (b) are extracted from the deconvolved zero-charge mass spectra (c). Under
increasing CID, the mass defects shift from two series corresponding to nanodiscs with either even or odd numbers of cholesterol/

nanodisc to nanodiscs with only background POPC
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found that the odd and the even series are the same height,
indicating that more cholesterol is retained (Figures 2b and 3).
Further evidence for cholesterol stability is observed in the shift
in mass defect upon controlled ejection of cholesterol by CID.
As the collision voltage increases, the even series shifts from a
mass defect of 0.19 to 0.03, a shift of 0.16 (Figure S6). Because
the mass defect of cholesterol is 0.5087 (386.66 Da/
760.08 Da), this indicates that an average of roughly 18 cho-
lesterol molecules (18 x 0.5087 =0.16) were incorporated into
the nanodiscs with a total number of around 150 lipids, which
is only slightly higher than the expected 90/10 M ratio. These
data confirm that cholesterol was successfully incorporated in
the nanodisc but easily dissociates in the gas phase.

Similar stability profiles were observed with ergosterol, the
primary membrane sterol in fungi (Figure 2c). Ergosterol has a
higher mass of 396.66 Da (Table S1), so the mass defect shift
for 10% ergosterol nanodiscs is greater. Like cholesterol, a
small shift was observed with imidazole addition, suggesting
partial stabilization. Greater stabilization was observed with
negative ionization mode.

Finally, we created nanodiscs using CHS, a derivative of
cholesterol that adds an anionic succinate to the hydroxyl group
of cholesterol. We predicted that the negative charge of the succi-
nate would interact with the positive quaternary amine on POPC
to form stronger intermolecular interactions that hinder
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dissociation. CHS has a neutral mass of 486.73 Da, so the mass
defect of CHS is 0.64 (Table S1). Thus, three CHS molecules are
similar in mass to two POPC molecules. Native MS of 90/10
POPC/CHS nanodiscs in positive mode with no additives showed
three peak series (Figure 2d). Analogous to the even and odd series
with cholesterol, each of these series corresponds to nanodiscs
with numbers of CHS molecules that are congruent modulo 3. For
example, one series has 0, 3, 6, etc. CHS molecules per nanodisc.
Another series has 1, 4, 7, etc. The final series has 2, 5, 8, etc.
Because the mass defect of CHS is not perfectly 2/3
(Figure S3), each set of 3 CHS molecules will shift the
series slightly by —0.08 (Table S2). This complicates the
assignment of the series. For example, the mass defect of
one series begins at 0.58. This could be due to a mixture of
15 and 18 CHS molecules (mass defects of 0.61 and 0.53,
respectively), but it could also be 4 CHS molecules (0.56).
Thus, we cannot assign these peaks definitively but only
say that CHS was incorporated and that there is not a
significant population of empty nanodiscs that would favor
one peak series over the other two (see Figure S3). As
shown in Figure 2d, the CHS in positive mode undergoes a
distinct dissociation to lose all CHS at around 60 V. For
negative mode and imidazole experiments, CHS dissoci-
ates from the nanodisc at collision voltages above 100 V
(Figures 2d and 4). Thus, like cholesterol and ergosterol,

POPC + CHS |
70V
NS
120V|/\ POPC
< only
0.0 04 038

Mass Defect

e,

7OVMMNWWWMMVWMM
AN 1 1 1 1 e
9OVWMWMNNRMMWW
100V.

11ov,NAAJbNAmva&MﬁUN&MﬂUNWMWVMwMWVWMMWw~A,W_

120V

140 145 150

155 160 165

Mass (kDa)

Figure 4. Native mass spectra (a) in negative mode of MSP1D1(-) nanodiscs with 90/10 POPC/CHS from 70 to 120 V CID. The
mass defect values summed over the whole spectrum (b) are extracted from the deconvolved zero-charge mass spectra (c). Under
increasing CID, the mass defects shift from three series corresponding to nanodiscs with different numbers of CHS/nanodisc to a

nanodisc with only background POPC



M. M. Kostelic et al.: Expanding the Types of Lipids for MS of Lipoprotein Complexes 1423

ND POPG ND POPG/TMCL
a) Positive  b) Positive IM  c) Negative d) Positive e) Positive IM  f) Negatwe

rivirin
T
Bl

0 50 100 150 50 100 150 50 100 150 50 100 150 50 100 150 50 100 150

Mass (kDa) Mass (kDa) Mass (kDa) Mass (kDa) Mass (kDa) Mass (kDa)
Figure 5. The zero-charge mass distribution summed over 0—200 V CID and colored by mass defect values (top), the mass defect
values as a function of mass (middle), and the zero-charge mass distribution as a function of collision voltage (bottom) for nanodiscs
with POPG alone (a—c) or POPG/TMCL (d—f) measured under positive mode with no additives (a, d), positive mode with added
imidazole (b, e), and negative mode with no additives (c, f). The numbers of MSP per complex are annotated for key features. It is not
clear what causes the bimodal mass distribution in POPG nanodiscs, but similar distributions have been previously observed [18]
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approximately 9 TMCL and 135 POPG per nanodisc, which is
only slightly higher than the expected ratio of 95/5.

Unlike POPC nanodiscs, which dissociate lipids continuous-
ly with elevated CID, POPG nanodiscs in positive mode tend to
remain stable until they reach a critical collision voltage and
break in half, going from two MSP belts per complex to only one
with roughly half the mass (Figure 5a). Similarly, POPG/TMCL
nanodiscs split in half with increasing CID in positive mode
(Figure 5d). Addition of imidazole stabilizes both POPG and
POPG/TMCL nanodiscs against splitting during CID (Fig-
ure 5e). Negative mode stabilizes both nanodiscs against split-
ting, but progressive loss of lipids does occur (Figure 5f).

Saposin A Lipid Nanoparticles

Finally, we explored the resonance approach with Saposin A
lipid nanoparticles. MSP encircles nanodiscs with two belts, one
for each leaflet of the bilayer. Saposin A, in contrast, covers both
leaflets with a single monomer, but it does not encircle the lipid
bilayer (Figure S7) [19]. Thus, it is more modular in size and can
incorporate different numbers of SapA per complex depending
on the assembly [20]. SapNPs have recently been employed for
high-resolution cryo-electron microscopy of membrane proteins
[42, 43]. Klassen and coworkers have shown that SapNPs are
useful for presenting glycolipids for native MS [22-25] and
have characterized the stoichiometries of complexes formed by
addition of SapA to liposomes under acidic conditions [24].
Here, we reconstituted SapNPs from detergent solutions [20],
similar to self-assembly of nanodiscs [44].

We determined stoichiometries of SapA with mass defect
analysis. With POPG as the reference lipid, the mass defect of
SapA is 0.19 (9131 Da/749.00 Da). Thus, each added SapA
shifts the mass defect by 0.19 (Tables S1 and S2). Positive
ionization native MS of POPG SapNPs formed with a ratio of
12/1 lipid per SapA showed a mix of SapA stoichiometries
beginning with 3, 4, or 5 SapA per complex and progressively
dissociating to 2 or 1 SapA per complex with increasing
collision voltage (Figure 6a). Similar to nanodiscs, adding
imidazole (Figure 6b) or switching to negative ionization mode
(Figure 6¢) stabilized the SapNPs towards collisional dissoci-
ation. Stabilized SapNPs showed a mixture of 4 or 5 SapA per
complex with a small population observed at 6 SapA per
complex. Complexes with 5 SapA contained around 60 lipids
per SapA, in agreement with the expected 12-to-1 ratio.

SapNPs prepared with 95/5 POPG/TMCL showed similar
stoichiometries and stabilities as POPG alone. The triplet pat-
tern demonstrated the incorporation of cardiolipin, and the
mass defect shift is consistent with a ratio of 95/5. Positive
mode (Figure 6d) showed progressive dissociation of SapA
from the complex and loss of cardiolipin. IM or negative mode
stabilizes the complexes towards dissociation of cardiolipin
and SapA (Figure 6e, ). Thus, our approach of using resonant
lipid masses and stabilization of lipoprotein complexes was
successful for SapNPs as well as nanodiscs.

We also assembled SapNPs with POPC/cholesterol. How-
ever, we were unsuccessful in observing cholesterol

M. M. Kostelic et al.: Expanding the Types of Lipids for MS of Lipoprotein Complexes

incorporation at a 12/1 lipid/SapA ratio, even with the stabili-
zation by IM or negative mode. It is not clear whether choles-
terol was not incorporated during self-assembly of the SapNPs
or whether it was ejected during native MS. Further work will
be necessary to unravel the structural or mechanistic
differences.

Conclusions

We have demonstrated that combinations of lipids with resonant
masses enable native MS analysis of intact nanodiscs and
Saposin A lipoprotein nanoparticles with a wider range of differ-
ent types of lipids, including glycolipids, sterols, and cardiolipin.
Lipids that were close to 2, 1/2,2/3, and 5/3 times the mass of the
reference lipid were successfully resolved, and we expect that
other lipid combinations where components are near multiples of
1, 2, or 3 of each other will be amenable to native MS. Further-
more, we have shown that negative ionization mode and addition
of charge-reducing reagents such as imidazole stabilize lipopro-
tein complexes for native MS, particularly for labile lipids like
cholesterol and ergosterol. Together, these approaches provide a
framework for creating and analyzing lipoprotein complexes that
more closely model native lipid combinations, which could
prove useful in delivery of membrane proteins and peptides.
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