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ABSTRACT: Antimicrobial peptides (AMPs) are an important part of the innate immune system and demonstrate promising appli-
cations in the fight against antibiotic resistant infections due to their unique mechanism of targeting bacterial membranes. However, 
it is challenging to study the interactions of these peptides within lipid bilayers, making it difficult to understand their mechanisms 
of toxicity and selectivity. Here, we used fast photochemical oxidation of peptides, an irreversible footprinting technique that labels 
solvent accessible residues, and native charge detection-mass spectrometry to study AMP-lipid interactions with different lipid bi-
layer nanodiscs. We observed differences in the oxidation of two peptides, indolicidin and LL-37, in three distinct lipid environments, 
which reveals their affinity for lipid bilayers. Our findings suggest that indolicidin interacts with lipid head groups via a simple 
charge-driven mechanism, but LL-37 is more specific for E. coli nanodiscs. These results provide complementary information on the 
potential modes of action and lipid selectivity of AMPs. 

INTRODUCTION  
Antimicrobial peptides (AMPs) are mainly cationic, amphi-

pathic peptides that target bacterial membranes, disrupting 
their integrity and destroying the bacterial cell.1 An important 
part of the innate immune system in animals, they are also 
found in plants, fungi, and prokaryotes.2 Rather than targeting 
specific proteins, AMPs directly target cell membranes, making 
them potential therapeutics for antibiotic resistant bacteria.3 
However, AMP therapies have been held back by the poor un-
derstanding of their mechanism of action and their susceptibil-
ity to in vivo degradation.4 Thus, out of over three thousand 
known AMPs, only seven of them have been approved and com-
mercialized for use by the U.S. Food and Drug Administration.5 
Notable examples are gramicidin D, which is used topically, and 
daptomycin, which is used intravenously.5 

The antimicrobial mechanisms of many AMPs are often un-
clear, but three major models have been proposed: the carpet, 
toroidal pore, and barrel-stave models.6 The carpet model de-
scribes the cumulative action of AMPs interacting with the 
membrane surface that disrupts the bilayer through a deter-
gent-like activity. In the barrel-stave and toroidal pore models, 
AMPs insert into the bilayer and oligomerize into pores that 
permeabilize the membrane.7   

In all of these models, interactions with bacterial membranes 
are critical for activity, but it is challenging to study the poly-
disperse and dynamic interactions of AMPs with membranes.8 
Native MS has been used to probe the influence of hydrophobic 
environments on peptide complex formation in nanodiscs,9 to 
investigate conformational preferences in vesicles,10 and to de-
tect peptide variants in biological samples.11 We previously 
demonstrated that intact AMP-nanodisc complexes could be 
analyzed with native MS to determine the stoichiometry and 
specificity of incorporated AMPs in different bilayers.12,13,14 
Nanodiscs are discoidal lipid bilayers used to solubilize mem-
brane proteins and peptides in a native-like environment. 
However, despite recent advances in creating native MS-

compatible nanodiscs that model natural lipid bilayers,15 na-
tive MS was previously unable to study interactions in nano-
discs made with natural lipid extracts due to the complexity of 
the bilayer. Additionally, native MS does not reveal whether the 
orientation of a peptide within the membrane is peripheral or 
integral.  

 To study AMP interactions in nanodiscs with natural lipid 
mixtures, we used fast photochemical oxidation of proteins 
(FPOP) in combination with LC-MS. FPOP is an irreversible 
footprinting technique that covalently labels solvent accessible 
residues on proteins.16 Hydroxyl radicals are generated in so-
lution via photolysis, and these radicals then covalently modify 
solvent exposed amino acid side chains, resulting in predicta-
ble mass shifts that are detected via MS (Figure 1). Early hy-
droxyl radical footprinting experiments used a high energy 
synchrotron X-ray beam to generate radicals from water,17 but 
FPOP uses a 248 nm KrF excimer laser to generate radicals 
from hydrogen peroxide. Recently, the use of a high-pressure 
flash lamp has emerged as a powerful platform for FPOP with-
out the need for the laser.18 FPOP enables peptides to be di-
rectly probed in complex environments, and the fast timescale 
and relatively small size of the label ensures minimal disrup-
tions and disturbances to the system19. Pioneering work has 
applied FPOP to membrane proteins in a variety of different en-
vironments ranging from detergent bicelles20 and micelles21 to 
nanodiscs22 and picodiscs23 to whole organisms.24 

Here, we employed FPOP to study AMP interactions in differ-
ent nanodisc environments to study their lipid selectivity and 
provide insights into their mechanisms of toxicity. We com-
pared oxidative labeling of two peptides, LL-37 and indolicidin, 
in the presence of three different lipid environments: phospha-
tidylcholine (PC), phosphatidylglycerol (PG), and E. coli lipid 
extracts. Additionally, we used native charge detection-mass 
spectrometry (CD-MS) to analyze nanodiscs produced from 
bacterial lipid extracts. We observed clear differences in pep-
tide incorporation among each of the lipid environments. In-
dolicidin had the lowest levels of oxidation in DMPG nanodiscs, 



 

and LL-37 had the lowest levels of oxidation in E. coli polar lipid 
nanodiscs. Our results suggest that indolicidin interacts with li-
pid head groups via a simple, charge-driven mechanism, but 
that LL-37 interactions are more complex, preferring a diverse 
lipid environment for optimal antimicrobial activity.  

 

 
 
EXPERIMENTAL SECTION 
Reagents. E. coli polar lipid extract, 1,2-dimyristoyl-sn-glyc-

ero-3-phosphocholine (DMPC), and 1,2-dimyristoyl-sn-glyc-
ero-3-phospho-(1′-rac-glycerol) (DMPG) lipids were pur-
chased from Avanti Polar Lipids. Methionine, glutamine, phos-
phate buffered saline (PBS, bioperformance certified, pH 7.4), 
catalase (from bovine liver), hydrogen peroxide (~30%), am-
monium acetate, Amberlite XAD-2, and sodium cholate were 
purchased from Sigma-Aldrich. Methanol, isopropyl alcohol, 
and formic acid were purchased from Fischer. LL-37 was 

purchased from Bachem. Indolicidin was purchased from Ana-
Spec Inc. KrF gas was purchased from Linde Electronics and 
Specialty Gases. 

Nanodisc assembly. Three types of nanodiscs were assem-
bled: DMPG nanodiscs to model bacterial membranes, DMPC to 
model mammalian membranes, and E. coli lipid extract to re-
produce bacterial membranes. Membrane scaffold protein 
MSP1D1(−) was expressed in E. coli and purified by immobi-
lized metal affinity chromatography. This MSP was then used 
to make nanodiscs without incorporated peptide as previously 
described.25,26,27 Briefly, DMPC, DMPG, or E. coli lipids in chlo-
roform were dried under nitrogen and solubilized in 0.1 M so-
dium cholate. MSP1D1(−) was added to the lipids, and deter-
gent was removed by addition of Amberlite XAD-2 hydropho-
bic beads with gentle agitation for at least 4 hours at room tem-
perature. Nanodiscs were purified using size exclusion chro-
matography on a Superose 6 Increase 10/300 column (GE 
Healthcare) with 0.2 M ammonium acetate at pH 6.8. 

FPOP oxidative labeling. The FPOP apparatus used a 
pulsed 248 nm KrF excimer laser (GAM Laser, EX350, Orlando, 
FL), a syringe pump, and a 150 μm ID capillary. The capillary 
was prepared by burning off a small section of the protective 
coating, and then aligning the clear section so that it was in the 
direct path of the beam. Irradiation was performed at 5 Hz 
pulse frequency with a laser energy of at least 100 mJ per pulse 
as measured by an Ophir Photonics Juno pyroelectric energy 
meter.  

Indolicidin stocks were prepared at 60 μM, 180 μM, and 360 
μM in 50:50 methanol:H2O. LL-37 stocks were prepared at 60 
μM and 180 μM in 50:50 methanol:H2O. Stock PBS was pre-
pared at 0.1 M. Stock H2O2 was prepared at ~100 mM in PBS. 
Glutamine stock was prepared at 0.20 M in PBS. Methionine 
stock was made at 0.19 M in PBS. Catalase stock was prepared 
at 4.2 μM in PBS. To keep the concentrations consistent with 
past studies using nanodiscs and AMPs,12,13 nanodisc stocks 
were made at 20 μM.  

Peptides were added to the nanodiscs at 3:1, 9:1, and 18:1 
peptide:nanodisc ratios in the FPOP solution at room tempera-
ture. Each ingredient was added separately in the order listed 
below for a final pre-FPOP solution volume of 50 μL.  

Indolicidin samples at a 3:1 indolicidin:nanodisc ratio were 
prepared as follows: 30 μL PBS (final concentration 80 mM), 5 
μL glutamine (final 20 mM), 5 μL nanodiscs (final 2.0 μM), 5 μL 
60 μM indolicidin (final 6.0 μM), and 5 μL H2O2 (final ~10 mM).  

9:1 and 18:1 indolicidin:nanodisc samples were prepared sim-
ilarly but with 5 μL of either 180 μM indolicidin (final 18.0 μM) 
or 360 μM indolicidin (final 36.0 μM), respectively.   

LL-37 samples at a 3:1 LL-37:nanodisc ratio were prepared 
as follows: 30 μL PBS (final concentration 80 mM), 5 μL gluta-
mine (final 20 mM), 5 μL nanodiscs (final 2.0 μM), 5 μL 60 μM 
LL-37 (final 6.0 μM), and 5 μL H2O2 (final ~10 mM). 9:1 LL-
37:nanodiscs were prepared similarly but with 5 μL 180 μM LL-
37 (final 18.0 μM). 18:1 LL-37:nanodisc samples were pre-
pared similarly but with 5 μL of 10 μM nanodiscs (final 1.0 μM) 
and 5 μL of 180 μM LL-37 (final 18.0 μM). The 18:1 LL-37 sam-
ples required a lower nanodisc concentration to account for the 
lower initial stock concentration of LL-37. To minimize pre-
FPOP oxidation, H2O2 was added immediately prior to laser ir-
radiation. 

The sample was loaded into a Hamilton syringe, and a sy-
ringe pump was used to flow the solution through the FPOP 
system capillary. The flow rate was calculated to provide a 20% 
exclusion volume, ensuring no double exposure of the sample 

 

Figure 1. Schematic for FPOP (top) and an example decon-
volved mass spectrum (bottom). Sample is flowed through a 
capillary and irradiated by a single pulse of 248 nm light, 
where photolysis of H2O2 produces hydroxyl radicals that 
label the solvent exposed residues of peptides in nanodiscs. 
Oxidation is then detected via MS, where each oxidation 
causes a +16 Da mass shift.  

 



 

occurred. After laser exposure, the samples were collected im-
mediately into vials containing 11 μL of 0.19 M methionine and 
4.2 μM catalase to quench the remaining hydroxyl radicals. The 
final sample volume after collection was 61 μL. Controls were 
produced in the same manner but without laser irradiation. At 
least three replicates per sample were performed for both con-
trols and oxidized samples with separate nanodisc assemblies 
for each.  

Liquid chromatography. After collection, separation was 
achieved using reversed phase liquid chromatography on an 
Infinity II HPLC (Agilent, Santa Clara, CA) equipped with a Wa-
ters Acquity UPLC C4 column (1.7 μm, 2.1 x 100 mm) held at 
40° C. Mobile phases were: A) H2O + 0.1% formic acid and B) 
80% IPA in H2O + 0.1% formic acid.  A flow rate of 150 μL/min 
and a 32-minute gradient elution were performed as follows: 
1% B from 0–7 minutes, ramp 1% B to 99% B from 7–12 
minutes, hold 99% B from 12–17 minutes, ramp 99% B to 1% 
B from 17–24 minutes, and then hold 1% B from 24–32 
minutes. Under this separation scheme, peptides had an elution 
time of around 16 minutes.  

Although a C18 column is typically used for peptide separa-
tions, we used a C4 column to simplify data analysis and allow 
both labeled and non-labeled peptides to elute simultaneously. 
This simultaneous elution enables precise quantitation of the 
oxidation ratio because the oxidized and unoxidized peptides 
are eluting at the same point in the gradient. Due to the high 
lipid content of the samples, the C4 column also allowed for 
easier elution of the lipids.  

Mass spectrometry and data analysis. Mass analysis was 
performed on a Synapt XS time-of-flight mass spectrometer 
(Waters Corporation, Milford, MA). ESI-MS in positive mode 
was performed on the LC eluent throughout the entire 32-mi-
nute separation for each sample. Relevant parameters are as 
follows: capillary voltage 1.3 kV, sample cone voltage 30 V, 
source temperature 30° C, cone gas 100 L/hr, desolvation gas 
700 L/hr, nebulizer gas pressure 6.5 bar, extended dynamic 
range, and sensitivity mode (V mode) without ion mobility. 
Data analysis was performed using UniDec deconvolution soft-
ware.28 Briefly, the peptide peak in the chromatogram was se-
lected, the m/z spectrum was deconvolved in UniDec, oxidized 
peaks were identified, and the percentage of oxidation as de-
termined by the first oxidation peak was calculated. Specifi-
cally, the percent oxidation is the quotient of the highest inten-
sity of the first oxidation peak divided by the highest intensity 
of the non-oxidized peak, multiplied by 100. Student’s t-tests at 
the 95% confidence interval were used for statistical analyses. 

Charge detection-mass spectrometry. CD-MS was per-
formed on a Q-Exactive HF equipped with ultra-high mass 
range modifications (Thermo Fisher Scientific, Bremen). MS 
parameters used for analyzing E. coli nanodiscs have been de-
scribed previously.26 Briefly, the resolution was set to 240,000, 
and the trapping gas pressure was set to 1, which corresponds 
to an ultrahigh vacuum pressure in the Orbitrap of 6.40×10-11–
8.12×10-11 mbar. The noise threshold was set to 0. CD-MS data 
sets contained at least 5,000 ions and were collected for 5–10 
minutes. For E. coli nanodiscs with and without peptide, the 
higher-energy C-trap dissociation (HCD) voltage was set to 0–
20 V to increase the number of higher mass ions. CD-MS da-
tasets were then deconvolved with UniDecCD (UCD), which 
lowered the charge uncertainty and increased the resolution of 
E. coli nanodiscs. UCD is part of the UniDec open-source soft-
ware package28 and the deconvolution algorithm has been pre-
viously described.26 Measurements were collected on three 

different nanodisc assemblies, and results are reported as the 
average and standard deviation of the three replicates.  

 
RESULTS AND DISCUSSION 
FPOP of indolicidin. Due to the cationic nature of these 

AMPs, we predicted that both LL-37 and indolicidin would have 
the highest affinity for highly anionic DMPG nanodiscs, the low-
est affinity for zwitterionic DMPC nanodiscs, and an intermedi-
ate affinity for E. coli nanodiscs, which contain roughly two 
thirds neutral PE lipids and one third anionic cardiolipin and 
PG lipids.29 Higher affinity for lipids should result in more pro-
tection of the membrane-embedded peptide and thus lower ox-
idation. 

 

 

Figure 2. Indolicidin oxidation grouped by peptide:nano-
disc ratio (A) and by lipid (B). Each lipid is indicated by 
color, with DMPG in blue, DMPC in black, and E. coli in 
green. Peptide:nanodisc ratios are represented by different 
shading, with solid shading representing 18:1, thick shad-
ing indicating 9:1, and thin shading indicating 3:1. The left 
bar in each pair is the corresponding control with no UV 
laser irradiation. Statistically significant differences in oxi-
dation are indicated by black lines connecting the bars.  

 



 

Indolicidin behaved predictably in each of the nanodisc var-
iants we tested. The lowest levels of oxidation were observed 
in DMPG nanodiscs (Figure 2), indicating that indolicidin is 
more protected and thus more incorporated in DMPG bilayers. 
The highest levels of oxidation were in DMPC nanodiscs, indi-
cating that indolicidin was less protected and thus less incor-
porated in DMPC bilayers. Oxidation levels of indolicidin in E. 
coli nanodiscs fell in between those of the PG and PC nanodiscs. 
Overall, these data are consistent with indolicidin-membrane 
interactions being driven primarily by the degree of anionic li-
pid head groups present in the membrane. 

 

 
Next, we investigated the effects of indolicidin concentration 

by altering the peptide:nanodisc ratios. A comparison of indol-
icidin oxidation at 3:1, 9:1, and 18:1 peptide:nanodisc ratios 
generally revealed slightly increased protection at higher ra-
tios (Figure 2), suggesting higher indolicidin incorporation at 
higher ratios. Overall, these data agree with previous results on 

indolicidin incorporation into nanodiscs, which indicated that 
it had a strong preference for DMPG lipids, increasing incorpo-
ration at higher concentrations, but minimal selectivity for spe-
cific oligomeric states.13 Thus, indolicidin seems to have simple 
charge-driven interactions with anionic lipid head groups.  

FPOP of LL-37. Because LL-37 is also cationic, we predicted 
it would also be more protected in DMPG nanodiscs and less 
protected in DMPC nanodiscs. However, except for a slight dif-
ference at 3:1 peptide:nanodisc, no significant differences in 
LL-37 oxidation were observed between DMPC and DMPG 
nanodiscs (Figure 3). Looking at concentration effects, DMPG 
and DMPC had higher levels of oxidation of LL-37 at a 3:1 ratio. 
These results suggest that at lower peptide:nanodisc ratios, LL-
37 is less buried in the membrane, resulting in greater solvent 
exposure and decreased protection from oxidation. Compara-
ble levels of oxidation were observed in both DMPG and DMPC 
nanodiscs at 9:1 and 18:1 ratios. One explanation for this be-
havior is that the affinity of LL-37 for both DMPC and DMPG 
nanodiscs may be essentially equal, despite likely having differ-
ent methods of interaction. LL-37 destabilizes DMPC nanodiscs 
above a 6:1 ratio,12 but these data suggest that it is likely still 
associated with lipid aggregates even though it is no longer em-
bedded within intact nanodiscs. In DMPG nanodiscs, a similar 
plateau of oxidation is observed above 3:1. Comparison with 
prior native MS data12,13 indicates that this plateau is likely due 
to formation of increasingly larger oligomeric complexes in the 
membrane that are protected.  

 Unlike indolicidin, the lowest levels of oxidation for LL-37 
were observed with E. coli extract nanodiscs, indicating that 
LL-37 incorporated the most into bilayers with these natural 
lipids. We previously found a similar increase in incorporation 
for LL-37 in simple model bacterial membrane nanodiscs com-
posed of PG, phosphatidylethanolamine, and cardiolipin,15 in-
dicating that LL-37 may have evolved to target membranes 
with more complex lipid composition. Interestingly, unlike 
DMPC and DMPG, oxidation levels remained unchanged across 
all three ratios (Figure 3), indicating a high affinity even at low 
ratios of peptide:nanodisc.  

 

 
CD-MS of LL-37 in E. coli nanodiscs. Unfortunately, it is not 

possible to perform conventional native MS on E. coli nanodiscs 
due to the complexity of the mass distribution. To address this 
challenge, we used single-ion CD-MS to measure the broad 
mass distributions of E. coli nanodiscs with LL-37. At a 3:1 ratio 

Figure 3. LL-37 oxidation grouped by lipid (A) and by pep-
tide:nanodisc ratio (B). Each lipid is indicated by color, 
with DMPG in blue, DMPC in black, and E. coli in green. Pep-
tide:nanodisc ratios are represented by different shading, 
with solid shading representing 18:1, thick shading indicat-
ing 9:1, and thin shading indicating 3:1. The left bar in each 
pair is the corresponding control with no UV laser irradia-
tion. Statistically significant differences in oxidation are in-
dicated by black lines connecting the bars.  

 

 

  

Figure 4. CD-MS of E. coli nanodiscs with LL-37. A) De-
convolved charge vs m/z histogram from CD-MS of E. coli 
nanodiscs at a 3:1 LL-37:nanodisc ratio. B) Overlayed de-
convolved mass distributions of E. coli control nanodiscs 
in green and a 3:1 LL-37:nanodisc ratio in black. The mass 
shift from the center of the mass distribution of the con-
trol, indicated by the dashed lines, shows an increase of 
13.7 ± 7.1 kDa, which corresponds to 3 ± 1.6  LL-37 pep-
tides. 

 



 

of LL-37:nanodisc, the center of mass shifted by 13.7 ± 7.1 kDa, 
which corresponds to an addition of 3 ± 1.6 LL-37 peptides 
(Figure 4).  Interestingly, at 9:1 and 18:1 ratios, E. coli nano-
discs are destroyed, with the majority of signal coming from 2 
free MSP belts. However, the consistently low oxidation at 
these higher ratios (Figure 3) suggests that LL-37 is still sur-
rounded by lipids and may be forming lipid-peptide oligomers 
that follow more of a carpet mechanism. The combination of 
the FPOP and CD-MS data suggests that LL-37 initially incorpo-
rates into E. coli nanodiscs with high affinity but may proceed 
to act with a carpet mechanism at higher ratios.  
 
CONCLUSION 

Here, we demonstrated that FPOP of AMPs in nanodiscs pro-
vides unique complementary information on peptide-lipid in-
teractions within a variety of biologically-relevant lipid envi-
ronments. This method provides a reliable way to investigate 
interactions that are difficult to study with other techniques 
and has the potential to provide insights into the extent of AMP 
insertion into bilayers. We found that indolicidin likely partici-
pates in charge driven interactions with the surrounding lipid 
environment, where the cationic charge is attracted to the ani-
onic lipids.  

Although LL-37 is overall cationic, we observed similar lev-
els of protection in both DMPG and DMPC nanodiscs, and the 
highest protection was in E. coli lipid nanodiscs. Therefore, LL-
37 interacts with both anionic and zwitterionic bilayers, but 
optimal peptide-lipid interactions are achieved when the mem-
brane contains a mixture of anionic and zwitterionic lipids. Pro-
tection from oxidation is also likely influenced by the tail 
lengths and fluidity of the lipids in E. coli extract nanodiscs.30 
These data indicate that, unlike indolicidin, the specificity of 
LL-37 does not proceed via a simple charge driven mechanism. 
Instead, LL-37 may be specifically evolved to interact with and 
disrupt bacterial membranes.  

  Future research will expand this approach to use MS/MS 
analysis to provide residue level information on solvent ex-
posed regions of labeled peptides, which will give higher reso-
lution information regarding AMP structure and mechanisms. 
Overall, FPOP of AMPs in nanodiscs allows the elucidation of 
complex AMP-lipid interactions and—when coupled with CD-
MS, conventional native MS, or both—reveals insights to their 
mechanism of action.  
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