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A B S T R A C T   

Dynamic nuclear polarization NMR spectroscopy was used to investigate the effect of the antimicrobial peptide 
(AMP) maculatin 1.1 on E. coli cells. The enhanced 15N NMR signals from nucleic acids, proteins and lipids 
identified a number of unanticipated physiological responses to peptide stress, revealing that membrane-active 
AMPs can have a multi-target impact on E. coli cells. DNP-enhanced 15N-observed 31P-dephased REDOR NMR 
allowed monitoring how Mac1 induced DNA condensation and prevented intermolecular salt bridges between 
the main E. coli lipid phosphatidylethanolamine (PE) molecules. The latter was supported by similar results 
obtained using E. coli PE lipid systems. Overall, the ability to monitor the action of antimicrobial peptides in situ 
will provide greater insight into their mode of action.   

Introduction 

Antibiotic resistance has been observed for several decades, under-
mining the number of efficacious last resort drugs that are available for 
treating many infectious diseases (Ventola, 2015). Bacteria have 
evolved multiple genetic and non-genetic resistance mechanisms against 
conventional antibiotics that target intracellular cellular processes. In 
contrast, antimicrobial peptides (AMPs), have a more complex mode of 
action, and function by targeting bacterial membranes, driven mainly by 
electrostatic interactions with anionic lipids which are more abundant in 
prokaryotic than eukaryotic membranes (Sani and Separovic, 2016). 
This presents less opportunity for bacteria to escape from the effects of 
AMPs, although some modification of membrane lipid compositions has 
been observed in response to AMPs (Lee et al., 2021). 

AMPs have been investigated for well over five decades, but 
knowledge of their in-situ behaviour is still limited. For instance, while it 
is possible to obtain the structure of these peptides in model membranes, 
it has not been possible to obtain details of their mode of action in cells. 
While it is well established that the majority of AMPs primarily target 
bacterial membranes, there are indications that their mode of action 
may be critically dependent on secondary targets or effects (Bahar and 
Ren, 2013; Huan et al., 2020). Using dynamic nuclear polarization 
(DNP) enhanced solid-state nuclear magnetic resonance (ss NMR), we 
report the impact of the AMP, maculatin 1.1 (Mac1) (Le Brun et al., 

2020), on multiple lipid and macromolecular components (i.e., lipids, 
proteins and nucleic acids) of Escherichia coli. 

Material and methods 

Material 

1,2,3-Propanetriol-d8, deuterated glycerol (glycerol-d8) and D2O 
were purchased from Sigma-Aldrich (Merck, Sydney, Australia). AMU-
Pol was purchased from Cortecnet (Paris, France). Unlabeled maculatin 
1.1 (Mac1; GLFGVLAKVAAHVVPAIAEHF-NH2; MW 2145.40) was syn-
thesized manually by solid phase peptide synthesis and purified by HPLC 
to a purity > 95 % using HCl instead of trifluoroacetic acid salt (Sani 
et al., 2007). E. coli PE lipids were purchased from Avanti Polar Lipids 
(Alabaster, USA) and used without further purification. 

Cell growth 

E. coli BL21 StarTM (DE3) cells (Invitrogen, Sydney, Australia) were 
grown in 13C, 15N, 2H minimal media to exhaustion using the protocol 
developed by Duff et al. (Duff et al., 2015). The media composition was 
as reported in Table I of Middelberg et al.(Middelberg et al., 1991) with 
the following modification: the sole carbon source was 20 g/L glycer-
ol-13C3 (Merck, Sydney, Australia); the sole nitrogen source was 7.8 g /L 
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15N-ammonium chloride (Cambridge Isotopes, UK); and the water was 
99.6 % D2O. Culturing was performed, from transformation recovery 
through stepwise flask adaptation to D2O to bioreactor growth to OD 
7.6, at 37 ◦C. The temperature was then dropped to 14 ◦C, IPTG added to 
1 mM, and culturing continued for another 50 hrs until when the carbon 
source was exhausted, at OD 13.6, as indicated by a small rise in pH. 
Cells were harvested by centrifugation, yielding 28.4g wet weight, were 
frozen in liquid nitrogen, and stored at − 80 ◦C. 

3.21 g wet weight of cells were used for this study. The frozen cells 
were pre-chilled in liquid nitrogen, and placed in the lowest, coldest part 
of the freeze drier, which was prechilled for main drying (estimated 
nominal freeze-drying temperature − 80 ◦C). Freeze drying proceeded at 
a pressure of 0.37 mbar for approximately 90 hrs. The freeze-dried cells 
weighed 0.645 g (20 % of the wet weight). Dynamic Light Scattering 
(DLS) was performed on the resuspended cells incubated with and 
without peptide at 1 mg/ml cell concentration and at 25 ◦C using a 
Zetasizer (NanoZS, Malvern, UK). Three biological replicates and three 
measurements per sample were performed and averaged with particle 
size and polydispersity values reported in Table S1. 

Lipid extraction 

Labeled E. coli were fractionated into lipid (apolar) phase, protein, 
insoluble cell wall (insoluble) phase and polar metabolites (polar) phase 
using a modified methyl tert-butyl ether (MTBE)/ methanol (MeOH) 
extraction method (Salem et al., 2017). Briefly, 25 mg of a freeze-dried 
E. coli cell pellet was resuspended in 1 mL MTBE/MeOH (3:1, vol/vol) 
and sonicated for 10 min in an ice-chilled sonicator. 500 µL of water: 
MeOH (3:1, vol/vol) was added and sample was incubated on a cooled 
shaker (4 ◦C, 2000 rpm) for 30 min. Phase separation was introduced by 
centrifugation (4 ◦C, 14,000 g, 10 min). The lipid phase was re-extracted 
twice with 1 mL water:MeOH (3:1, vol/vol). All phases were freeze- 
dried and stored at − 20 ◦C. 

DNP NMR experiments 

Mac1 powder was resuspended in glycerol-d8/D2O/H20 (6:3:1, v/v/ 
v) containing 10 mM AMUPol. The solution was used to rehydrate E. coli 
cells, lipid extract or E. coli PE lipids at the appropriate ratios for 30 mins 
at room temperature. The peptide (1 mg) was added to 5 mg of dry cell 
mass (1 mg ~ 2x1010 cells). This is drastically below MIC but represents 
2.8x107 peptides per cell. The treatment used in this study was solely to 
assess which cellular targets are affected by the presence of the peptide 
compared to the control. Two freeze–thaw cycles were performed before 
packing the sample into a 3.2 mm sapphire rotor. 

DNP MAS NMR experiments were conducted on a 9.4 T wide-bore 
Bruker Avance-III HD DNP NMR Spectrometer (Wissembourg, France) 
equipped with a 3.2 mm low-temperature triple-resonance MAS probe 
and a 263.33 GHz gyrotron source. The temperature of all experiments 
was maintained at 110 K, the spinning frequency was set to 8 kHz. 

15N CPMAS experiments were performed with 100 kHz proton 
excitation pulse followed by 2 ms Hartmann-Hahn contact with a 30 % 
RAMP and 1.3 × TB,on recycle delay (see Table S1); 32–128 scans and 
800 complex points were acquired under 104 kHz SPINAL decoupling. 
FIDs were zero filled to 4 k points and 100 Hz line broadening was 
applied. 

31P CPMAS experiments were performed with 100 kHz proton 
excitation pulse followed by 2.5 ms Hartmann-Hahn contact with a 30 % 
RAMP and 1.3 × TB,on recycle delay (see Table S1); 16–64 scans and 
4096 complex points were acquired under 110 kHz SPINAL decoupling. 
FIDs were zero filled to 16 k points and 80 Hz line broadening was 
applied. The enhancement εDNP is reported as εon/εoff. 

REDOR experiments were performed under the same CPMAS con-
ditions, using 9 μs and 13.5 μs π pulses for 31P and 15N, respectively. 
Several rotor-synchronized dephasing times were acquired with and 
without the 31P dephasing pulses. The S and S0 signal intensities were 

estimated from the peak heights. Although the spectra are very convo-
luted with overlapping signals, the control using pure lipids or nucleic 
acid confirmed the chemical shifts used for building the dephasing 
curve. 

BS-REDOR fitting program provides the most probable distribution 
of distance consistent with the REDOR data (Gehman et al., 2007). The 
fits were optimized using a simulated annealing approach with 100–500 
iterations using three stages with a global attenuation temperature of 
1.002, Boltzmann factors of 1, 0.5 and 0.0005, initial temperatures of 
10, 1 and 0.1, and final temperatures of 0.1, 0.001, 0.00001. 

MD simulations 

The CHARMM-GUI membrane builder (Lee et al., 2019) was used to 
prepare the POPE bilayer system with 48 molecules per leaflet within a 
rectangular box containing a 12.5 Å layer of water. The simulations were 
performed using the Charmm36 force field and the minimization, 
equilibration and production runs were performed with the AMBER 
CUDA package (Case et al., 2005; Salomon-Ferrer et al., 2013)on a 
desktop machine fitting a GPU GeForce GTX 1080 titanium and a CPU 
with 12 cores. 

Each system was first minimized for 1000 steps using the steepest 
descent method followed by 1000 steps of the conjugate gradient 
method with a 12 Å non-bonded interaction cut-off. The lipids were 
restrained with a 2.5 kcal.mol− 1 potential. Then, 1.6 ns equilibration 
MD simulations were run at 100 K, using decreasing positional restraints 
to maintain the bilayer structure. All covalent bonds involving hydrogen 
atoms were constrained using the SHAKE algorithm and the rigid in-
ternal geometry for TIP3P water molecules was constrained with the 
SETTLE algorithm (Miyamoto and Kollman, 1992). The system tem-
perature was maintained at 100 K using a Langevin thermostat (Iza-
guirre et al., 2001) with a 3 ps− 1 collision frequency. The system 
pressure was controlled at 1 bar using a semi-isotropic Monte-Carlo 
barostat with a xy surface tension. Each restart was performed with a 
random seed. 100 production runs of 5 ns each were performed. 

The MD trajectories were visualized and analyzed using VMD 
(Humphrey et al., 1996) and the CPPTRAJ (Roe and Cheatham, 2013) 
program. 

Results 

Global scanning of the nitrogen and phosphorus containing cellular 
components of E. coli was achieved by monitoring the nitrogen (15N) 
signals by cross polarization (CP) magic angle spinning (MAS) NMR of 
whole bacteria grown in isotopically enriched media (15N 98 %, 13C 98 
% and 2H 98 % enriched isotopes). Lipids, proteins and nucleic acids 
display different 15N chemical shifts that served as an atomic marker for 
monitoring the action of Mac1 (Fig. 1). DNP-enhanced phosphorous 
(31P) CPMAS spectra of E. coli cells (Fig. S1) displayed little resolution 
due to high signal overlap of phosphorous containing molecules, such as 
phospholipids, DNA/RNA or inorganic phosphates. The DNP signal en-
hancements (εDNP) and build-up (TB,on) time were more favourable in 
the presence of Mac1 (Table 1), likely due to uptake by the cell of the 
radical necessary for DNP signal enhancements (Ghosh et al., 2021) and 
as previously demonstrated for Mac1 by flow cytometry and 
fluorescence-activated cell sorting techniques (Sani et al., 2015; Sani 
et al., 2013). These observations also shows that Mac1 can significantly 
permeabilize lipid membrane well below its minimum inhibitory con-
centration (MIC) against E. coli (~64 μM at 5.105 cells). The size mea-
surement of E. coli cells resuspended incubated in buffer was of ca. 1.2 
nm with low polydispersity of 0.18 (Table S1), which compares well 
with previous DLS studies(Loske et al., 2014; Vargas et al., 2017). E. coli 
cells incubated in the presence of Mac1 showed a slightly increased 
diameter of 1.4 nm with a greater polydispersity of 0.4, which within 
experimental error indicates that the cells are not drastically fragmente, 
albeit this does not confirm a full cellular integrity. 
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The DNP NMR experiments were performed at ca. 100 K and the cells 
are cryoprotected with a glycerol/water mixture, thereby preserving 
high sample integrity during longer experimental time (Overall et al., 

2019; Sani et al., 2019). As shown in Fig. 1, the resolution of the 15N 
signals was not sufficient to observe which moieties were disrupted by 
Mac1. 

This was alleviated by using a novel 15N-31P DNP NMR probe 
configuration (Bruker, Wissembourg, France), which allowed detection 
of the presence of Mac1 disturbed nitrogen atoms proximal to phos-
phorous. This is similar to approaches used to detect DNA packaging 
within bacteriophage T4 (Yu and Schaefer, 2008), protein-RNA com-
plexes (Jehle et al., 2010) or RNA structure (Marchanka et al., 2015). 
DNP-enhanced REDOR experiments (Gullion, 2006; Schaefer, 2011) 
were performed, allowing the collection of multiple dephasing times in a 
shorter timeframe (ca. 30 min per dephasing point). The 15N observed 
31P dephased REDOR experiments shown in Fig. 2 provide a global scan 

Fig. 1. DNP-enhanced 15N CPMAS spectra of un-
treated E. coli cells (black line) and in the presence of 
Mac1 at 15:1 w/w ratio (red line). The left panel is 
scaled 4-fold compared to the right panel to increase 
visibility. Chemical shift assignments were performed 
using the BMRB database (https://bmrb.io). The DNA 
bases, amino acids with nitrogen containing side-
chains and the phospholipid palmitoyl-oleoyl- 
phosphatidyl-ethanolamine (POPE) structures are 
displayed in the inserts with nitrogen (blue), oxygen 
(red), phosphorous (orange), carbon (grey) and 
hydrogen (white) atoms. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Table 1 
DNP enhancement and build-up time of 31P CPMAS a experiments.  

From 31P CPMAS TB,on εDNP 

E. coli cells 9.0 s 79 
E. coli cells + Mac1 4.2 s 107 
E. coli PE 2.9 s 110 
E. coli PE + Mac1 3.2 s 108 
a performed at 100 K and 8 kHz spinning speed  

Fig. 2. DNP-enhanced 15N observed 31P dephased REDOR experiments of untreated E. coli (A, B) cells and in the presence of Mac1 at 15:1 w/w ratio (C, D). The S-S0 
(or ΔS) differences are shown as a 2D map using discrete dephasing time (A, C) while the spectra obtained at 16 ms and 32 ms for both S (black line) and S0 (red line) 
are displayed with an offset (B, D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of where Mac1-binding impacted E. coli main structures. For instance, 
little effect was observed on the protein NH backbone region while 
significant signal reductions were observed for NA and lipid regions 
between 240 and 140 ppm and at ca. 25 ppm, respectively. 

Fig. 3 shows the REDOR dephased (S) and reference (S0) spectra at 
24 ms dephasing time and dephasing curves for the selected 169 ppm 
and 25 ppm intensities, corresponding to the nitrogen N9 of nucleic 
acids and the PE headgroup, respectively. DNP-enhanced 15N CPMAS 
spectrum of the single nucleotide adenine was used to support the 
assignment (Fig. S2). Similarly, lipid extracts from the isotopically 
enriched E. coli cells and liposomes made from E. coli PE lipid confirmed 
that the 15N chemical shift of the ethanolamine moity is at ca. 25 ppm 
(Fig. S3). PE lipids are the most abundant phospholipids (ca. 70 % mol) 
and the only native lipid in E. coli membranes having a nitrogen atom 
(Lee et al., 2021). The fitting of the S/S0 ratio of the REDOR dephasing 
curves was achieved by using a Boltzmann-statistics (BS) analysis 
(Gehman et al., 2007). The BS-REDOR analysis does not extract a single 
distance but instead an ensemble of distances that fit the dephasing 
curve. Therefore, the span of the ensemble is akin to the standard de-
viation for each distance population. The ensemble of 31P-15N distances 
for each region was obtained and confirmed that Mac1-binding leads to 
tightening the DNA packing (Fig. 3). The analysis showed that the most 
populated N9 to 31P distances were shortened by ca. 0.5 Å in the pres-
ence of the peptide. However, a significant contribution to the signal is 
likely due to unperturbed DNA packing. Markedly, the compaction in 
DNA packing was also observed in our previous study by electron mi-
croscopy and 31P NMR of live E. coli incubated with Mac1 (Overall et al., 
2019). The analysis of the 25 ppm intensities corresponding mostly to 
the PE headgroup signal was more intricate. Two populations were 
obtained with a short distance of ca. 3.7 Å and a broader ensemble at ca. 
5.6 Å corresponding to 21 % and 30 % intensity, respectively. The 
presence of Mac1 did not change significantly the two distances but the 

proportion changed to 10 % and 40 %, respectively. It is noteworthy that 
50 % of intensity that could not be fit to a discrete distance ensemble 
arises from the population of 15N atoms that do not dephase within the 
dephasing time used (up to 32 ms). It is difficult to accurately extract 
these longer distances (e.g. > 8 Å is equivalent to a 31P-15N dipolar 
coupling < 10 Hz) since the REDOR curve is dominated by the stronger 
couplings. Moreover, the short distances are likely to provide the most 
important information regarding the molecular packing, and disruption 
upon incubation with the AMP. 

Comparable results were produced using multilamellar membranes 
made from E. coli PE lipids (Fig. 4). Interestingly, the dephasing curves 
obtained in the lipid only system with or without Mac1 showed almost 
full dephasing within 32 ms while only ca. 50 % dephasing was reached 
in E. coli cells. This may indicate that in situ, molecular packing is 
mediating NMR results. Nevertheless, the similar shift in population 
towards the more distant 31P-15N population was reproduced. Molecular 
dynamics (MD) was used to investigate the PE membrane packing. The 
simulation showed that the PE amine group has the tendency to form 
intermolecular bridges, with adjacent phosphate groups having shorter 
distance (around 3.7 Å) compared to the intramolecular nitrogen to 
phosphorous distance (broader distribution around 4.3 Å). The NMR 
data showing that Mac1 disrupted these stabilising interactions suggest 
that the antimicrobial peptide, below MIC, is weakening the lipid bilayer 
packing. 

Conclusion 

This in-cell NMR study revealed that membrane-active AMPs can 
have a multi-target impact on E. coli cells. At sub-MIC concentration, the 
antimicrobial peptide Mac1 induced both NA condensation and pre-
vented intermolecular salt bridge in lipid membrane (Fig. 5). 

This first report of an in situ investigation of Mac1 in E. coli using 

Fig. 3. (Top panel) REDOR spectra for (left) the nitrogen N9 at 165 ppm, and (right) the lipid region of E. coli cells (black lines) and in the presence of Mac1 (blue 
lines) at 15:1 w/w ratio with (dark lines) the reference spectra (S0) and (light lines) the dephased spectra (S) shown. (Middle panel) REDOR dephasing curves for 
(left) the nitrogen N9 at 165 ppm, and (right) the lipid region of E. coli cells (black lines) and in the presence of Mac1 (blue lines). (Bottom panel) Maximum entropy 
reconstruction of the distance ensembles fitting the REDOR dephasing curves. The distances (solid line intensities) and population (light lines) integrals are plotted on 
the same scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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DNP-enhanced 15N detected NMR opens new avenues for detecting the 
global impact of antimicrobial peptides on intact cellular systems. This 
approach could be combined with 13C observed 31P dephased TEDOR/ 
REDOR experiments to gain an extra level of high-resolution structural 
details. Similarly, specific labelling schemes could be applied with 15N- 
labelled cells and 13C-labelled peptides to gain further resolution and, 
together with DNP-enhanced experiments, provide the signal boost 
necessary for observing dilute spin systems in-situ. 
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