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Abstract

Antimicrobial peptides (AMPs) are generally cationic and amphipathic peptides that show
potential applications to combat the growing threat of antibiotic resistant infections. AMPs are
known to interact with bacterial membranes, but their mechanisms of toxicity and selectivity are
poorly understood, in part because it is challenging to characterize AMP oligomeric complexes
within lipid bilayers. Here, we used native mass spectrometry (MS) to measure the stoichiometry
of AMPs inserted into lipoprotein nanodiscs with different lipid components. Titrations of
increasing peptide concentration and collisional activation experiments reveal that AMPS can
exhibit a range of behaviors from non-specific incorporation into the nanodisc to formation of
specific complexes. This new approach to characterizing formation of AMP complexes within
lipid membranes will provide unique insights into AMP mechanisms.
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Introduction

Antimicrobial peptides (AMPs) are secreted by a variety of organisms as natural defenses
against microbial pathogens.! Generally cationic and amphipathic, AMPs often interact
directly with bacterial membranes rather than specific protein targets. Because it may be
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harder (although not impossible?) for bacteria to evolve resistance to AMPs, they present a
potential strategy to combat antibiotic resistant infections. However, the mechanisms of
AMP toxicity and selectivity remain poorly understood, which creates challenges for
development of AMPs as pharmaceuticals® and as anti-biofilm materials.*

Although a common mechanism of AMP activity is formation of oligomeric pores,?3 it is
difficult to characterize the stoichiometry of AMP complexes within lipid membranes.®
Conventional techniques for measuring oligomeric states are complicated by several factors.
The small size and chemical diversity of AMPs limit chemical cross-linking, and fluorescent
labels may disrupt their interactions. The lipid bilayer complicates hydrodynamic methods
such as analytical ultracentrifugation. Potential polydispersity of AMP complexes limits
conventional structural biology tools. Conductance-based measurements can indirectly
estimate oligomeric states of AMP but cannot observe complexes that do not form pores.®

Native mass spectrometry (MS) has emerged as an effective tool for characterizing
stoichiometry of biomolecular complexes.’”-8 Conventional native MS methods for studying
membrane protein oligomeric states rely on using collision induced dissociation (CID) to
eject membrane proteins from detergent micelles,®1% which are unsuitable for AMP because
the lipid bilayer is essential for complex formation and is thought to drive the
pharmaceutical specificity.3

Russell and coworkers used liposomes to investigate AMP gramicidin A (GA), which is
known to form dimers, with ion mobility-MS (IM-MS). However, isobutanol was required to
disrupt the vesicles and extract the free peptide for electrospray ionization (ESI), which may
disrupt AMP complexes.11-13 Klassen and coworkers co-incorporated GA into nanodiscs,14
which contain a lipid bilayer encircled by an amphipathic membrane scaffold protein (MSP),
15 and ionized the entire GA-nanodisc complex. Because the intact GA-nanodisc could not
be resolved, CID was used to eject GA from the nanodisc for subsequent IM-MS. However,
ejection of AMPs from bilayers may disrupt their stoichiometry, as evidenced by the mixture
of GA monomers and dimers ejected from the nanodisc. Because complexes may be broken
apart upon ejection, CID experiments must be carefully interpreted, as discussed below.

Here, we propose that high-resolution native MS of intact AMP-nanodisc complexes can
reveal the stoichiometry of AMPs incorporated in lipid bilayers. Formation of oligomeric
complexes can be inferred from the distribution of observed stoichiometries. For example,
GA shows only even stoichiometries, indicating the formation of dimers. In contrast,
melittin incorporates into membranes but shows no specific stoichiometries. LL-37 shows
partial specificity for certain oligomeric states. Together, these data reveal that AMPs have
different behaviors ranging from random incorporation into membranes to formation of
specific oligomeric complexes. Native MS of intact nanodiscs provides a novel approach to
quantifying oligomerization of peptides within membranes that will help elucidate the
mechanisms of AMP complex assembly.
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Methods

Materials and Nanodisc Assembly
1,2-dimyristoyl-srglycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (DMPG) lipids were purchased from Avanti Polar Lipids. LL-37
was purchased from Bachem. Gramicidin A was purchased from Alfa Aesar. Melittin was
purchased from GenScript. Ammonium acetate, Amberlite XAD-2, and sodium cholate were
purchased from Sigma Aldrich. Membrane scaffold protein MSP1D1(-) was expressed in £.
coli and purified by immobilized metal affinity chromatography (IMAC) as previously
described.16:17

Nanodiscs were assembled without peptides as previously described.18:17 Briefly, DMPC or
DMPG lipids in chloroform were dried under nitrogen and solubilized in sodium cholate.
MSP1D1(-) was added to the lipids, and detergent was removed by addition of Amberlite
XAD-2 hydrophobic beads. Nanodiscs were purified using a Superose 6 Increase 10/300
column (GE Healthcare) with 0.2 M ammonium acetate at pH 6.8.18

Mass Spectrometry Sample Preparation

Previously, Klassen and coworkers co-incorporated GA during the nanodisc self-assembly
reaction.14 Here, we directly added peptides to the pre-formed nanodiscs. Purified nanodisc
stocks were prepared at 2.5 UM in 0.2 M ammonium acetate (pH 6.8). Peptide stocks were
prepared by dissolving a known mass of peptide in methanol and diluting to concentrations
from 0.025-0.30 mM. Methanol was used because GA has poor solubility in water. Peptides
were titrated at molar ratios of 0-18/1 total peptide/nanodisc by adding peptide stocks
directly to nanodisc stocks and incubating for a few minutes prior to analysis. Control
experiments were performed to verify that the peptide/nanodisc mixture had reached
equilibrium and that no time-dependent changes in incorporation were observed during
analysis. The kinetics of peptide incorporation were generally too fast to observe in the
roughly one minute required to manually mix the solutions, add the sample to the ESI
needle, and begin collecting data. The final concentration of nanodiscs in solution was 2 UM,
and final peptide concentrations ranged from 0-36 uM, which encompassed the minimum
inhibitory concentrations measured previously.19-21 All solutions contained 13% methanol
by volume, and controls with no peptides showed that nanodiscs were not perturbed by this
methanol concentration. A stock solution of imidazole was prepared at 0.40 M and adjusted
to pH 6.8 with acetic acid.2? To determine the optimal imidazole concentration, imidazole
was titrated at a fixed ratio of peptide/nanodisc over a 0-48 mM imidazole range. Except
where noted, all experiments were performed at a final concentration of 25 mM imidazole.
Typical added volumes were 19 uL nanodisc stock, 3 uL peptide stock, and 1.5 uL imidazole
stock.

Native Mass Spectrometry

Native MS was performed using a Q-Exactive HF quadrupole-Orbitrap mass spectrometer
with the Ultra-High Mass Range (UHMR) research modifications (Thermo Fisher
Scientific).23 Instrumental parameters were used as previously described.16:22.24 Samples
were ionized by nano-ESI in positive ion mode with a 1.1 kV capillary voltage and 200 °C
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capillary temperature. For titrations, nanodiscs were analyzed from 2,000-25,000 /m/z at a
resolution setting of 15,000 (a transient length of 32 ms) and a trapping gas pressure setting
of 7 (a high vacuum pressure of 233 nanobar). Nitrogen was used as the trapping/collision
gas. To aid in desolvation, 50 V source fragmentation and 20 V in-source trapping energy
were applied.

For CID experiments, the in-source trapping voltage was increased from 0-100 V or 0-140
V in 10 or 20 V increments with 1-minute acquisitions at each step. To detect dissociated
peptides, nanodisc complexes were isolated in the quadrupole with an isolation range of
5,000-15,000 /m/z and dissociated by an additional 50 V in the HCD cell. Scans were
collected from 500-20,000 /m/z at a resolution setting of 60,000 (a transient length of 128
ms) and a trapping gas pressure setting of 3 or 5 (high vacuum levels of 102 or 168 nanobar,
respectively).

For free peptides, peptide stocks were diluted to 25 UM in ammonium acetate with
imidazole, and MS was performed from 360-5,000 /7/z at a resolution setting of 60,000 and
a trapping gas pressure setting of 3. No activation was applied for analysis of free peptides.
Control experiments were also performed by adding peptides to free MSP in ammonium
acetate solution with no lipids. Because no MSP-peptide complexes were observed, we
conclude that there are no peptide-MSP interactions and that peptide-nanodisc interactions
are driven by the lipid bilayer.

Deconvolution and Mass Defect Analysis

Deconvolution of native mass spectra was performed using UniDec and MetaUniDec.16:24.25
Deconvolution settings for nanodiscs included a mass range of 20k—200k, a charge range of
5-25, and a peak FWHM of 10. Both charge and mass smoothing were used with a width of
1, and the lipid mass (678 Da for DMPC or 667 Da for DMPG) was used as the mass
difference. To sharpen the peaks, raw/centroid mode was used. UniDec employs a Bayesian
deconvolution algorithm similar to the Richardson/Lucy algorithm.25 As part of the
algorithm, peaks are deconvolved from their normal Gaussian, Lorentzian, or split Gaussian/
Lorentzian peak shapes into delta functions. Normally, the peak shape is convolved with the
delta function outputs after deconvolution so that the deconvolved mass distributions reflect
the peak shapes of the original spectra. Here, we used the raw outputs to take advantage of
the improved resolution provided by deconvolution. Comparisons with the default
reconvolved/profile mode showed no significant differences in peak positions or relative
intensities.

Following deconvolution, we used macromolecular mass defect analysis in MetaUniDec to
determine the number of peptides incorporated into nanodiscs. Mass defect analysis divides
the measured mass by a reference mass and plots the remainder of the division, which we
normalized between 0 and 1.2226 Here, we use the mass of the lipid as the reference mass.
Mass defects are initially calculated for each deconvolved mass. Because nanodiscs with the
same number of incorporated peptides but different number of lipids have the same mass
defect, we summed the mass defects across all masses to generate the total mass defect
distribution. Thus, each peak in the total mass defect distribution showed the summed
intensity for all nanodiscs containing specific stoichiometries of incorporated peptides.
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To prepare titration and dissociation curves, we extracted the peak height for mass defect
peaks. Because mass defect peaks had very similar peak widths, peak areas showed similar
results but were less robust when partially overlapping peaks were present. Generally, mass
defect peaks were unambiguous to assign to a specific number of incorporated peptides
based on predicted mass defects (Table S1). In several cases, ambiguities were resolved
through CID experiments. For example, the mass defect of LL-37 with 2 MSP belts and
DMPG is 0.58 for 2 incorporated and 0.54 for 6. CID was used to track products and infer
the number incorporated from the dissociation and other observed stoichiometries in the
titration series. Error bars are shown as the standard deviation of three trials, each with a
different batch of nanodiscs. As previously observed,24 we found that the primary source of
variation is between batches of nanodiscs.

Results and Discussion

Method Development and Optimization

We recently showed that the oligomeric state of membrane proteins can be measured in
intact nanodiscs by native MS by carefully controlling ESI conditions.?2 Here, we
hypothesized that the stoichiometry of AMPs could be measured in intact nanodiscs,
avoiding potential distortions by detergents, organic solvents, or CID. We tested this
hypothesis using three AMPs: GA, melittin, and LL-37. Sequences and properties for each
peptide are included in Table S1. Nanodiscs were formed using either DMPC or DMPG.
DMPC is a zwitterionic lipid that models the generally neutral charge of eukaryotic plasma
membranes, and DMPG is an anionic lipid that models the negative charge of bacterial
membranes.2” Unlike membrane proteins, AMPs were added directly to “empty” nanodiscs
(containing only lipid and MSP) prior to native MS, which mimics how AMPs interact with
natural membranes. A schematic of the approach is shown in Figure 1.

Mass spectra of AMP nanodiscs are complex due to different numbers of peptides and lipids
incorporated in the nanodiscs (Figure 1B). UniDec, a Bayesian deconvolution algorithm,
was used to deconvolve /7/z spectra into mass distributions (Figure 1C).24 We determined
the stoichiometry of incorporated AMPs using small shifts in the mass distributions
measured by macromolecular mass defect analysis (Figure 1D).22:26 Mass defect analysis
sums the intensity from masses that differ in number of lipids per nanodisc but contain the
same number of incorporated peptides. Distinct peaks were observed for different numbers
of peptides incorporated per nanodisc. We extracted and normalized the height of each
summed mass defect peak to get the relative intensity of each peptide stoichiometry (Figure
1E). From the mass alone, we cannot distinguish between peptides embedded in the bilayer
and peptides associated with the surface; we use the term incorporated to include both types
of interaction.

To quantify AMP stoichiometries, we needed to ensure the normalized intensities reflected
the true levels of AMP incorporation. Because the m/z values were similar for all complexes,
we assumed ionization and detection efficiencies were similar. Thus, we needed to ensure
that AMP nanodiscs were uniformly stable during ionization and analysis. To optimize the
ionization conditions, we employed imidazole as a charge reducing reagent, which stabilizes
empty nanodiscs in positive ionization mode.22 By titrating the imidazole concentration at
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an intermediate level of peptide loading, we discovered that 20-40 mM imidazole
significantly stabilizes AMP nanodiscs, leading to higher observed levels of AMPs in
nanodiscs (Figure S1). In this respect, AMP nanodiscs behaved like empty nanodiscs and
not like membrane protein nanodiscs.22 However, imidazole concentrations greater than 30
mM generally caused poorer resolution and lower signal/noise. Thus, we used 25 mM
imidazole to stabilize AMP nanodiscs for all subsequent experiments.

We next optimized the collision voltage applied in the injection flatapole to desolvate the
nanodisc complexes. AMP stoichiometries were monitored as a function of collision voltage
(Figure S2 & S3). The source fragmentation voltage was also optimized to 50 V and had a
limited impact on measured peptide incorporation. Although CID was observed with
increasing voltage for some lipid and peptide combinations, the AMP stoichiometries were
constant up to at least 20 V. Thus, we limited the desolvation voltage to 0-20 V except when
performing CID experiments. The combination of minimal CID and imidazole limits
disruption of the complex, and we expect that nanodiscs are largely intact in the gas phase
under these conditions.

Gramicidin A

To validate that stoichiometries observed by native MS reflected the solution-phase
distribution, we investigated gramicidin A(GA), a 15 amino acid peptide with a neutral
charge. GA is known to form dimers in membranes, 28 and two distinct structural models
have been proposed.2%:39 In ammonium acetate solution, we did not detect free GA peptide,
likely due to poor solubility in the absence of nanodiscs.

Addition of GA to nanodiscs provided well-resolved spectra with several new peak series.
Representative mass spectra, deconvolved mass spectra, and summed mass defects are
shown in Figure 2, and representative mass defects as a function of mass and peptide
concentration are shown in Figure S4. Interestingly, we observe an initial decrease in the
mass of nanodiscs corresponding to the loss of around 20-25 lipids when only a 1.5:1 molar
ratio of GA is added—before we see substantial incorporation of GA into nanodiscs.
However, it is not clear whether GA causes lower masses by solution-phase displacement of
lipids or gas-phase destabilization of the nanodisc bilayer. A similar loss of 20-25 lipids is
also observed with both melittin and LL-37.

Upon titration of GA into nanodiscs (Figure 2), we only observe incorporation of even
stoichiometries of GA for both lipids. The absence of odd stoichiometries indicates that GA
forms dimers, validating that native MS reflects the known stoichiometries within
membranes. Because the distribution of dimers fits a binomial distribution at each
concentration, the presence of 4 or more GA is likely caused by random incorporation of
multiple dimers as opposed to formation of higher order oligomers. Slightly higher
incorporation was observed for DMPC, but the similar levels of incorporation between
DMPG and DMPC indicate that GA does not have a strong preference for lipid head groups,
likely due to the lack of charged residues on GA.

In contrast with the intact mass analysis, CID is highly dependent on lipid head group. GA
remains in DMPC nanodiscs during CID, and we did not observe ejected peptides (Figure
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S2B). Klassen and coworkers previously showed ejection of both dimers and monomers
from nanodiscs with PC lipids, 14 so the absence of ejected dimer here could be due to
instrumental limitations. Specifically, Klassen’s use of ion mobility to separate ejected dimer
from the much more abundant ejected DMPC signal may be critical to having the dynamic
range to observe the weak ejected dimer signal. On the other hand, GA is readily ejected
from DMPG nanodiscs. Importantly, we observe DMPG nanodiscs containing 1 or 3 GA
after activation, indicating ejection of monomers (Figure S2A). Thus, GA dimers can be
disrupted with CID. When nanodiscs were selected in the quadrupole and activated, no
ejected dimers were observed (Figure S5). Instead, we observed a strong signal from
dissociated GA monomer with a small peak for a single bound DMPG. Because CID can
distort the oligomeric states of AMPs in membranes, it must be carefully interpreted and is
best used to support intact mass data.

Melittin, the primary component of honey bee venom, is a 26 amino acid peptide with a net
charge of +5 (Table S1). Melittin was initially thought to form tetramers,31:32 but subsequent
evidence has shown that it has more complex interactions with lipid bilayers that remain
poorly understood.19:27:33.34 At 25 UM, melittin was only detected as a monomer in
ammonium acetate in the absence of nanodiscs (Figure S6). Representative mass defects for
melittin titrated into DMPG nanodiscs are shown in Figure S7. Like GA, addition of melittin
causes an initial decrease in the nanodisc mass, which occurs at molar ratios less than 3
melittin added per nanodisc and before we observe substantial incorporation of melittin
(Figure 3). The mass does not continue to shift after the initial drop.

Comparing titrations with different lipids, significantly more melittin is incorporated into
DMPG than DMPC nanodiscs (Figure 3), with as many as 7 melittin molecules incorporated
into DMPG and only 4 for DMPC. Electrostatic interactions between the cationic melittin
and the anionic DMPG likely drive the increased incorporation compared to zwitterionic
DMPC. Some prior studies have also shown melittin to be more active in membranes with
PG,19 but others have shown no preference.3

Although early studies suggested that melittin forms tetramers, 3132 the relative populations
of melittin stoichiometries here do not suggest any specific oligomeric complexes. At each
concentration, the ratios of each stoichiometry are reasonably modelled by a binomial
distribution of monomers. The binomial nature of incorporation suggests that melittin does
not favor any oligomeric states. Thus, melittin could be forming non-specific complexes
and/or simply incorporating as monomers that are not interacting.

We investigated how melittin nanodiscs dissociate under CID. For both DMPC and DMPG
nanodiscs, increasing collision voltages lead to progressive decrease in higher
stoichiometries and increase in lower stoichiometries (Figure S3). Dissociation of DMPG
nanodiscs isolated in the quadrupole only shows ejection of monomeric melittin bound to a
small number of lipids (Figure S8). Dissociated melittin was not observed during
dissociation of isolated DMPC nanodiscs, likely due to the high signal from dissociated
DMPC and lower levels of incorporation.
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Because melittin oligomers could be disrupted by ejection from the nanodisc, we cannot rule
out the presence of nonspecific oligomers based on the CID data. However, the lack of
ejected oligomeric complexes (in contrast to LL-37 below) and the nonspecific incorporation
into intact nanodiscs suggest that intermolecular interactions between melittin peptides are
weak. The presence of lipids bound to ejected melittin does indicate that interactions with
DMPG lipids are strong enough to survive ejection from the nanodisc, likely due to
electrostatic interactions between the anionic lipid head group and cationic residues on
melittin.

LL-37 is a human cathelicidin with 37 amino acids and a net charge of +6 (Table S$1).3°
LL-37 is thought to form oligomers, but the precise forms and the effects of lipids are poorly
understood.29:36:37 We observe that LL-37 in solution at 25 uM shows a mixture of
monomers, dimers, trimers, and tetramers (Figure S9). Upon titration of low LL-37 ratios
into DMPC nanodiscs, only small amounts of LL-37 incorporation were observed, and
LL-37 destabilized DMPC nanodiscs at ratios greater than 6/1 (Figure 4E). These results
agree with previous work that showed LL-37 causing large scale disruptions of the cell
membrane.38

In contrast, DMPG nanodiscs were stable as LL-37 was added (Figure 4). Representative
mass defects are shown in Figure S10. Unlike melittin, LL-37 stoichiometries do not fit
random binomial distributions or increase sequentially (Figure 4). Interestingly, DMPG
nanodiscs with two LL-37 incorporated appear at lower concentrations than nanodiscs with
only one LL-37 incorporated. These unusual results can be clearly seen in the raw data
(Figure S11). We do not observe an appreciable level of 3 incorporated, but it instead jumps
to 4 peptides/nanodisc. At higher ratios, incorporation shows preferences for 4, 5, and 6
peptides/nanodisc, but we did not observe any higher stoichiometries at 7 or above. These
data suggest that LL-37 forms oligomeric complexes that prefer specific stoichiometries,
with special preference for dimers, tetramers, pentamers, and hexamers. Future work will be
required to model these complex equilibria, but LL-37 clearly forms complexes with partial
specificity.

CID experiments provide further confirmation of complex formation. Collisional activation
of LL-37 DMPG nanodiscs reveals two dissociation pathways: ejection of monomers and
ejection of larger complexes. Like melittin and GA, monomeric LL-37 can be ejected from
nanodiscs, which leads to the sequential decrease in signals from higher stoichiometries and
increase in lower stoichiometries (Figure S3). For example, nanodiscs with three LL-37
incorporated are weakly populated at low collision voltage but become more abundant at
higher collision voltages. Activation of isolated LL-37 nanodiscs shows ejection of
monomeric LL-37 bound to several DMPG lipids (Figure S12). Interestingly, at low molar
ratios, the intensity of nanodiscs with two LL-37 molecules decreases non-sequentially—
decreasing the intensity for two LL-37 without increasing the intensity for one (Figure S13).
Because ejected dimers were not observed, it could be that the initial dissociation of a
monomer catalyzes ejection of the remaining monomer. It could also be that ejected dimers
are not stable and further dissociate into two monomers before they can be detected.
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At higher molar ratios, however, LL-37 can dissociate by ejection of larger complexes.
Ejected trimers, tetramers, pentamers, and hexamers were directly detected bound to DMPG
lipids, which is not observed with GA and melittin (Figure S14). These dissociated
complexes may not represent the distribution of oligomeric states in the membrane, either
due to loss of monomers or bias in stabilities and/or detection. For example, a significant
amount of dissociated trimer is observed, but the intact mass only shows a small amount of
nanodiscs with three peptides incorporated. Nevertheless, because these complexes remain
intact after ejection from the nanodisc, we conclude that LL-37 has reasonably strong
peptide-peptide and peptide-lipid interactions and forms oligomeric complexes in
membranes.

Conclusion

These results demonstrate that native MS of intact nanodiscs provides a uniquely powerful
approach to measuring stoichiometry of AMP complexes in lipid bilayers. By adding
imidazole to stabilize nanodiscs and using minimal collisional activation, we can monitor the
incorporation of AMPs into nanodiscs with different lipids and at increasing concentrations
of AMPs. By measuring the distribution of incorporated stoichiometries, we can infer
formation of oligomeric complexes in the membrane. Comparing stoichiometries between
nanodisc containing different lipids shows how the lipid bilayer influences incorporation of
AMPs. Although CID helped confirm complex formation with LL-37, disruption of
complexes during CID complicates interpretation of dissociation data.

We found that GA forms specific dimer complexes but shows only minor preference for
different lipid head groups. In contrast, melittin did not show formation of specific
complexes but showed significantly higher incorporation into DMPG nanodiscs, which
mimic bacterial membranes. Finally, LL-37 showed more complex lipid interactions and
partial specificitiy for certain oligomeric states, including higher order oligomers.

Future work will explore the thermodynamics and kinetics of AMPs in nanodiscs more
deeply, but this initial study demonstrates the potential of native MS to characterize the
assembly and lipid interactions of AMP complexes in defined lipid bilayers, which has not
previously been possible. Because lipid interactions are critical to AMP activity, our
approach may provide mechanistic insights on how changes in the lipid bilayer lead to
resistance, either by decreasing overall association of AMPs with the membrane or by
disrupting formaiton of specific complexes within the membrane. Ultimately, we expect that
simultaneously studying both AMP-membrane interactions and AMP complex formation
will lead to new mechanistic insights into their toxicity and selectivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AMP Antimicrobial peptide
CID collision induced dissociation
DMPC dimyristoyl-phosphatidylcholine
DMPG dimyristoyl-phosphatidylglycerol
GA Gramicidin A
MS mass spectrometry
M SP membrane scaffold protein
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Figurel.

Assembly of AMP-Nanodisc Complexes
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Schematic of experimental approach. AMPs were added to nanodiscs (A) and the resulting
mixture was analysed by native MS (B). Deconvolution revealed the mass distribution (C),
and mass defect analysis was used to extract the total signals from nanodiscs containing

different numbers of incorporated AMPs per nanodiscs (D) as a function of the total

concentration of peptide added (E). The distribution in (D) corresponds to the dashed box in

(B).

Anal Chem. Author manuscript; available in PMC 2020 July 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Walker et al.

100

6000

1007

%_

Page 14
‘ A 100 B 100 0 C
| 2
‘ 4
|
%1 ’ % ;
.’| ’ 8
I ’II |H >
0 h “ll Jultl, 0 0 \ J
15° "M 15|} N ?.5
: i1 g —
(P2 1 J 1
8000 10000 100 120 140 160 180 200 0.0 0.2 04 06 08 1.0
m/z Mass (kDa) Mass Defect
|0 »2 +4 =6 «8 10 +12 l
E) DMPG o D) DMPC
_g_o_!l_o /
| NN

% |

5 10
Gramicidin/Nanodisc

Figure 2.

5
Gramicidin/Nanodisc

10

Representative mass spectra (A), deconvolved mass distributions (B), and mass defects (C)
for gramicidin A in DMPC nanodiscs with 25 mM imidazole. Molar ratios of GA/nanodisc
ranged from 0-12/1 and are labelled to right of spectra. Mass defect peaks in (C) are labelled
with corresponding number of peptides incorporated. The relative intensities of different
stoichiometries (0-12) of GA incorporated into DMPC (D) or DMPG (E) nanodiscs as
function of the total GA/nanodisc molar ratio. Odd stoichiometries were not observed.
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Figure 3.

5

10 15
Melittin/Nanodisc

Representative mass spectra (A), deconvolved mass distributions (B), and mass defects (C)
for melittin in DMPG nanodiscs with 25 mM imidazole. Molar ratios of melittin/nanodisc
ranged from 0-24/1 and are labelled to right of spectra. Mass defect peaks in (C) are labelled
with corresponding number of peptides incorporated. To assign mass defects, the predicted
peptide mass defects (Table S1) are added to mass defect of 2 MSP belts (0.11). The relative
intensities of different stoichiometries (0-18) of melittin incorporated into DMPG (D) or
DMPC (E) nanodiscs as function of the total melittin/nanodisc molar ratio.
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Figure 4.

Representative mass spectra (A), deconvolved mass distributions (B), and mass defects (C)
for LL-37 in DMPG with 25 mM imidazole. Molar ratios of LL-37/nanodisc ranged from
0-18 and are labelled to right of spectra. Mass defect peaks are labelled with corresponding
number of peptides incorporated. To assigh mass defects, the predicted peptide mass defects
(Table S1) are added to mass defect of 2 MSP belts (0.11). The relative intensities of
different stoichiometries (0-18) of LL-37 incorporated into DMPG (D) nanodiscs as
function of the total LL-37/nanodisc molar ratio. Mass spectra of LL-37 titrated into DMPC
(E) nanodiscs with molar ratios from 0-9 LL-37/nanodisc. At a 9/1 molar ratio, nanodiscs
begin to dissociated and the main species detected were MSP belts.
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