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A B S T R A C T

Using the stable synthetic analogue 3-aza-dehydroxylysyl-phosphatidylglycerol (3adLPG), the putative role of 
native staphylococcal LPG in inhibiting the antibiotic daptomycin from binding to its target phosphatidylglycerol 
(PG), was investigated with respect to interfacial interactions between these lipids, daptomycin, and calcium 
ions. The influence of lipid monolayer/bilayer composition and interfacial ion concentrations upon the structure 
and integrity of model membranes were probed after daptomycin challenge using a combination of surface x-ray 
scattering techniques and fluorescence assays. In models representing the membrane composition of the dap
tomycin susceptible phenotype consisting of PG/3adLPG in a 7:3 M ratio, calcium ions drive the formation of two 
separate phases; Ca2+ cross-linked PG/PG pairs and PG/3adLPG ion pairs. Daptomycin is able to bind directly to 
the lipids in the PG/PG phase and increases the amount of interfacial Ca2+ ions to a level sufficient to displace 
3adLPG from ion pairs with PG, and thus binds to its target PG. In bilayers with mixed chain lipids, daptomycin 
leads to pronounced membrane perturbations and enhanced permeability. Sequestering all of the available PG 
into PG/3adLPG ion pairs, therefore, would represent a putative daptomycin non-susceptible membrane. Dap
tomycin binding and the extent of subsequent lipid structural changes are reduced in these membranes. This 
implies that in bacteria, native LPG biosynthesis would need to ensure either an equivalence or an excess in 
relation to membrane PG content, in order for this mechanism alone to significantly contribute to daptomycin 
resistance.

1. Introduction

The bactericidal activity of the anionic lipopeptide antibiotic dap
tomycin has long been recognised as resulting from more than one 
membrane-associated mechanism of action [1]. At sub-micromolar 
concentrations (minimum inhibitory concentration - MIC 0.125–1.0 
μg/mL or 0.08–0.6 μM), it is active against a narrow spectrum of Gram 
positive bacteria, including methicillin resistant strains of Staphylo
coccus aureus (MRSA) (MIC 0.5 μg/mL or 0.3 μM, minimum bactericidal 
concentration - MBC 2 μg/mL or 1.2 μM), which are in their logarithmic 
growth phase [1–4]. This low-concentration activity of daptomycin is 

achieved through the inhibition of peptidoglycan cell wall synthesis [5]. 
Higher daptomycin concentrations are required to produce an equiva
lent bactericidal effect against metabolically quiescent stationary phase 
S. aureus (MBC 32 μg/mL or 19.7 μM) in a manner which resembles the 
membrane permeabilising activity proposed for antimicrobial peptides 
(see SI figs. S1-S3) [1,6,7]. Although these two mechanisms are 
considered to be independent of each other, they both require the 
presence of calcium ions to facilitate bactericidal activity [8]. Dapto
mycin binds calcium ions to form complexes, the stoichiometric ratios of 
which have been described as ranging from 2:3 [9,10] to 1:2 [11]. 
Daptomycin-Ca2+ complexes are able to bind to anionic components of 
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the bacterial cytoplasmic membrane. In addition to the requirement for 
calcium ions, the phospholipid composition of the plasma membrane 
also plays a pivotal role in both types of bactericidal activities of dap
tomycin. In particular, the proportion and location of phosphatidylgly
cerol (PG) within the membrane is important. In fact, PG, one of the 
lipids used in the current study (Fig. 1), has been recognised as a ste
reospecific target of daptomycin-Ca2+ complexes [5,11–17], with which 
it binds in a 1:1 stoichiometric ratio [14].

In actively dividing bacteria, daptomycin-Ca2+ targets regions of 
increased fluidity (RIF) in the plasma membrane [18]. The protein 
complexes responsible for cell-wall synthesis are localized in these RIF, 
[19] particularly in the division septum [5]. RIF are rich in lipid II, 
which facilitates the translocation of peptidoglycan building blocks from 
the cytoplasm to the cell wall region [18]. Through bridging calcium 
ions, oligomerised daptomycin forms complexes with lipid II and PG [5]. 
These membrane-located complexes effectively sequester the peptido
glycan monomers, thereby inhibiting cell wall synthesis [8]. Thus, the 
target and mechanism of daptomycin is similar to that of other antibi
otics such as the glycopeptide vancomycin and the lantibiotic nisin, both 
of which, show significant cross-resistance with daptomycin [20–22].

In metabolically quiescent cells whose cell wall synthesis is sus
pended, daptomycin is thought to act in a PG-mediated membrane-tar
geted manner. It is proposed to permeabilize the plasma membrane, 
causing dissipation of ion gradients and cytoplasmic leakage. This mode 
of action requires a significantly higher concentration than the more 
specific activity of lipid II sequestration described above [1].

Since both of these mechanisms of action are reliant on the avail
ability of PG in the S. aureus membrane to daptomycin-Ca2+, mutations 
which facilitate the depletion of PG or an increase of other lipid species 
have been associated with resistance to daptomycin [23–26]. Specif
ically, mutations which lead to the dysregulation of the two phospho
lipid synthase genes, mprF and cls have been shown to lead to increased 
biosynthesis of lysyl-phosphatidylglycerol (LPG) and cardiolipin (CL) 
respectively, [24,25] both by consuming PG for their biosynthesis. 
Hence, it appears that one strategy of S. aureus resulting in daptomycin 
tolerance (in addition to teichoic acid neutralisation and cell wall 
thickening) [27] simply involves depletion of its target PG from the 
plasma membrane via conversion into other types of lipids [28]. In the 

majority of clinically relevant strains of S. aureus, in which the propor
tion of CL in the membrane is not significantly increased (at about 5–10 
% total phospholipid content) [29], the most consistent findings has 
been that of increased LPG synthesis in daptomycin non-susceptible 
strains [23,27,30] facilitated by the MprF lysyl-transferase/flopase 
responsible for esterifying PG with lysine and translocating the newly- 
formed LPG (Fig. 1) to the outer leaflet of the plasma membrane [31]. 
When fully-ionised, cationic LPG is able to form discrete ion paired 
complexes with anionic PG [32]. Therefore, not only would LPG's 
increased biosynthesis deplete the membrane of PG as precursor in the 
biosynthesis, it would also potentially impair the remaining PG from 
interacting with daptomycin. This may partially explain why some 
daptomycin non-susceptible S. aureus strains exhibit a reduced affinity 
for cationic probes for membrane charge [23,30].

As mentioned above, the bivalent cation calcium is important for the 
interaction of negatively charged daptomycin with the likewise nega
tively charged PG lipids. Importantly, calcium ions are not only asso
ciated with daptomycin, but also with membranes in bacteria [33], 
having a strong affinity for both PG [34] and CL [35]. In the case of PG, 
calcium ions facilitate the formation of neutralised cross-linked com
plexes [36]. The proposed mechanisms of daptomycin are thus further 
complicated by the complex interplay between daptomycin, calcium 
ions, and LPG, all competing for electrostatic interaction with PG (and 
possibly also lipid II). This study applies biophysical techniques to shed 
light on the different lipid/lipid, lipid/calcium and daptomycin/lipid 
interactions at play, in order to investigate the role of PG/LPG ion pairs 
in daptomycin resistance.

Previous studies examining the role of LPG in daptomycin resistance 
have yielded somewhat inconclusive results. The, most important limi
tation for experiments is that LPG is inherently chemically labile. In LPG, 
the ester linking the lysine to the PG headgroup is readily hydrolysed 
under neutral and alkaline conditions [37,38]. This not only makes 
quantifying LPG in bacterial membranes using thin layer chromatog
raphy (TLC) with basic mobile phases [23,24,27,30,39,40] prone to 
underestimation [29], but it also complicates biophysical analysis using 
model systems due to relatively rapid degradation of the molecule whilst 
undergoing investigation [37]. Studies which have examined antimi
crobial peptide association with liposomes containing mixtures of PG 

Fig. 1. Structures of the lipids associated with this study: dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol (DPPG), and dipalmitoyl-3-aza- 
dehydroxylysyl-phosphatidylglycerol (DP3adLPG), together with the structure of the lipopeptide daptomycin. The structure of lysyl-phosphatidylglycerol (DPLPG) is 
given for comparison with the headgroup of DP3adLPG. Although only the dipalmitoyl-derivatives of the phospholipids are shown, other alkyl chain versions were 
used in the studies as mentioned in the specific subsections. The given net charge at pH 5.5 is the dominating species of the molecule assuming pKa 10.5 for the δ- and 
ε-amines, pKa 7 for α-amines, pKa 2.6 for phosphate groups, and pKa 4.5 for carboxylic acid.
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and synthetic native LPG have shown that in systems with PG/LPG ratios 
of 2.5 and above, the presence of LPG does not attenuate peptide binding 
[41–43]. In order to circumvent the problem of native LPG degradation, 
attention has turned to the use of stable LPG analogues such as lysyl- 
phosphatidylethanolamine (LPE) [44] and 3-aza-dehydroxylysyl-phos
phatidylglycerol (3adLPG) [45] in biophysical investigations involving 
membrane active antimicrobials such as daptomycin.

Here, we aim to investigate the interplay of different types of lipids, 
calcium ions and daptomycin in molecular detail. In this study, we have 
used 3adLPG (Fig. 1) in biomimetic mixtures with PG in both lipid 
monolayer and bilayer model membrane systems in order to study the 
influence of interfacial calcium ions and ion paring between 3adLPG and 
PG on daptomycin-PG interactions. Experiments were conducted under 
mildly acidic conditions to mimic those encountered at the outer leaflet 
of the staphylococcal plasma membrane, due to the proton gradient 
present in living cells [46], and to encourage PG/3adLPG ion pair for
mation [45]. Two types of bacterial membranes were modelled, one 
representing daptomycin susceptible strains, based on lipid analysis 
which avoids the use of alkaline solvents, showing that the LPG content 
of wild type S. aureus and MRSA grown under mild conditions is 
approximately 30 % of the total phospholipids [29,47]. A membrane 
consisting of an equimolar PG/3adLPG mixture would thus represent a 
putative daptomycin non-susceptible S. aureus membrane. In using a 
monolayer model, we have been able not only to compare the dapto
mycin adsorption to a variety of lipid mixture interfaces, but also to 
measure changes in interfacial calcium concentration and correlate this 
with adsorption of daptomycin through monitoring changes in layer 
thickness and lipid packing geometries using a number of complemen
tary x-ray techniques at the air/water interface. We have, thus, revealed 
a complex interplay of daptomycin with ions and charged lipids.

We have additionally measured the ability of daptomycin to induce 
membrane permeabilization in the presence of calcium ions for different 
lipid compositions in vesicles as a model bilayer system. In this context, 
the potential impact of lipid acyl chain saturation is examined by 
comparing membranes composed of POPG/POPC to those of POPG/ 
DPPC. We chose these mixtures as enhanced daptomycin-induced 
membrane permeabilization has been observed in membranes where 
fully-saturated lipids are thought to form lateral domains within a ma
trix of fluid phase lipids [15].

In summary, we propose a complex picture of competing interactions 
of PG with LPG and daptomycin in the presence of calcium ions located 
at the membrane surface. These interactions influence the ability of 
daptomycin to not only bind to PG, but also to induce sufficient bilayer 
perturbation to cause membrane damage. We discuss the implications 
for both, the PG sequestering potential of LPG to shield against dapto
mycin interaction, and the membrane permeabilization caused by dap
tomycin when applied at higher concentrations.

2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phospho-(rac-1-glycerol) sodium salt 
(DPPG) and 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1- 
palmitoyl-2-oleoyl-sn-3-phosphatidylcholine (POPC), and 1-palmitoyl- 
2-oleoyl-sn-glycero-3-phospho-(1′-racglycerol) sodium salt (POPG), 
were supplied by Avanti Polar Lipids (Alabaster, AL, USA). Dipalmitoyl- 
3-aza-dehydroxylysyl-phosphatidylglycerol (DP3adLPG) and 1-palmi
toyl-2-oleoyl-3-aza-dehydroxylysyl-phosphatidylglycerol (PO3adLPG) 
were custom synthesised as described by Rehal et al. 2019 [45]. Dap
tomycin was supplied from SigmaAldrich. For the vesicle leakage ex
periments, 3-(N-Morpholino)-propane sulphonic acid (MOPS), NaCl, 
NaOH, HCl (all pro analysis grade) and chloroform (HPCL grade) were 
purchased from Carl Roth GmbH (Karlsruhe, Germany). Calcein (highest 
purity available) was obtained from Sigma-Aldrich (St. Louis, MO, U.S. 
A.).

All aqueous solutions were prepared using ultrapure water (re
sistivity above 18.2 MΩ.cm, Merck Millipore, Darmstadt, Germany).

2.2. The choice of model membranes and conditions

In previous work, we described a model system used to mimic the 
charge conditions of the S. aureus plasma membrane, using various bi
nary mixtures of DPPG and DP3adLPG [48]. Under neutral environ
mental pH growth conditions, the common S. aureus lipid composition is 
similar to the PG/3adLPG [7:3] mixture [29], which we have used to 
represent the membrane composition of daptomycin susceptible strains. 
S. aureus strains can increase the amount of LPG when growing under 
acidic conditions, [29] represented by the PG/3adLPG [1:1] mixture, 
which we have used to model of daptomycin non-susceptible strains. In 
addition to the S. aureus relevant lipids, the PG/PC [7:3] mixture served 
as a control without ion pairing between the lipid species. The saturation 
pattern for the lipid acyl chains varied depending on the needs for the 
applied experimental methods and the scientific question which was 
addressed in those experiments. The details will be mentioned below in 
the relevant subsections.

The buffers and additives used were also selected to be appropriate 
for the different experimental techniques. Because of the requirement of 
calcium ions for daptomycin activity [11] and their relevance to natural 
bilayer structures due to their affinity for phosphatidylglycerol [34], 
most experiments were performed with a fixed amount of calcium at 1 
mM CaCl2, a concentration which does not limit the binding of dapto
mycin to membranes [9]. Furthermore, we wanted to be representative 
of the conditions encountered by daptomycin at its site of activity, i.e., 
mildly acidic pH present at the outer leaflet of the S. aureus plasma 
membrane [46] which would, therefore, also promote PG/LPG ion 
paring. Consequently, pH 5.5 was chosen for monolayer experiments 
and the fluorescence based daptomycin binding assay, a pH condition 
used in our previously published work on LPG [29,45]. The leakage 
experiments had to be performed at pH 6.5 (see details below), but 
mildly acidic conditions are also maintained at this pH value.

2.3. Monolayer experiments

For this set of experiments, monolayers were prepared exclusively 
with fully saturated dipalmitoyl chained lipids (DPPC, DPPG, and 
DP3adLPG), in order to highlight the effects of daptomycin on mono
layer structures. In this context, stiff crystalline monolayer models are 
preferable to more fluid systems, as the rapid dynamics of the latter 
would allow lipid packing to rapidly reorganise within the timespan of 
the measurement (especially the long lasting GIXD scans), and we would 
lose the sensitivity for daptomycin-induced structural changes. The 
changes are initiated by daptomycin/lipid headgroup interactions at the 
monolayer/bulk interface and are readily detected via alterations in 
crystalline lipid packing, chain tilt, and size of crystallites. It should be 
noted that daptomycin itself is highly surface active (see SI fig. S4) and 
so any adsorption at the air/liquid interface in the presence of the lipid 
monolayers is likely to be enhanced by the surface activity.

2.3.1. Sample preparation for monolayer experiments
Lipids were used as 1 mM solutions in chloroform/methanol [8:2] for 

the preparation of Langmuir monolayers. DPPG, DPPC and DP3adLPG 
were premixed in chloroform/methanol to obtain the desired mixing 
ratios of the different binary mixtures. The corresponding solutions were 
spread onto the air/liquid interface and after solvent evaporation, the 
monolayers formed were laterally compressed to the desired lateral 
pressures π. As subphase, 1 mM CaCl2 solution was used adjusted to pH 
5.5 with HCl. For experiments in presence of daptomycin in the sub
phase, daptomycin was injected beneath a lipid monolayer which was 
compressed to 30 mN/m, using a Hamilton syringe, to yield a final 
concentration of 3 μM.
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2.3.2. Setup for X-ray measurements at Langmuir monolayers
The GIXD, TXRF, and GIXOS experiments were performed sequen

tially on each sample, using the Langmuir grazing incidence diffraction 
setup [49] at the high-resolution diffraction beamline P08 (PETRA III, 
DESY, Hamburg, Germany) [50] at an incident energy of 15 keV 
(wavelength λ = 0.827 Å) and an incident angle of 0.07◦ (85 % of the 
critical angle of water). Binary lipid mixtures (DPPG/3adDPLPG [7:3] or 
[1:1] and DPPG/DPPC [7:3]) were deposited dropwise from solutions in 
chloroform/methanol [8:2] at the air/water interface (subphase: ultra
pure water or 1 mM CaCl2 solution pH 5.5) on a Langmuir trough 
(Riegler & Kirstein GmbH, Germany). The time-dependent effects of 
daptomycin adsorption on monolayer structure were monitored after 
daptomycin solution was injected (> 10 injection points) below the lipid 
monolayer, producing a final concentration in the trough of 3 μM (5 μg/ 
mL). Final measurements were recorded after the systems had achieved 
steady state conditions (see SI fig. S5 and table S1).

For all of the x-ray measurements, the Langmuir trough was housed 
in a hermetically sealed container with Kapton windows transparent for 
x-rays, with the subphase maintained at a temperature of 25 ± 0.2 ◦C. 
The trough was constantly flushed with helium (He) to reduce the air 
scattering background and radiation-induced lipid damage (5 vol% air 
and 95 vol% helium). In order to reduce mechanically excited surface 
waves, a glass block was present in the subphase beneath the illuminated 
area of the monolayer.

2.3.3. Grazing incidence X-ray diffraction (GIXD)
Approximately 1 mm × 50 mm of the monolayer surface was illu

minated. A vertically-mounted linear detector (Mythen2, Dectris, 
Baden, Switzerland) was rotated around the sample to detect the in
tensity of the diffracted beam as a function of the horizontal scattering 
angle 2θ, while the vertical pixel positions correspond to the vertical 
scattering angle αf. A Soller collimator (JJ X-RAY, Denmark) was located 
between the sample and the detector to restrict the in-plane divergence 
of the diffracted beam to 0.08◦ full width at half maximum (FWHM). 
Model peaks taken as Lorentzian in the in-plane (Bragg peaks, Qxy) and 
Gaussian in the out of-plane direction (Bragg rods, Qz) were fitted to the 
integrated data using the peak fitting function within Origin version 
2019 (OriginLab Corporation, Northampton, MA, USA). Thus, the Bragg 
peak positions and the centres of the Bragg rods were obtained which 
were subsequently used to determine the molecular areas, chain tilt 
angles, and lattice geometries of the monolayer condensed phases 
[51–55]. The Qxy position of the equatorial Bragg peak maximum gives 
the intermolecular distance d (Q = 2π/d). The full-width at half 
maximum (FWHM) of the equatorial peak (instrument resolution- 
corrected by subtracting Qxy = 0.01 Å− 1) [56] is used to calculate the 
size of the crystallite along the normal of the lattice line {hk} using the 
Scherrer equation (Lxy,hk ≈ 0.9(2 π)/FWHMcorr (Qxy

hk)), which gives an 
indication of size of the domains with crystal-like packing, or correlation 
length, in one dimension [57]. The dimensions of the unit cell, chain tilt 
angle (τ) with respect to the surface normal, and in-plane azimuthal 
orientation of the tilting (ψ*) with respect to the lattice vector a’ (see SI 
fig. S15) are given by Qz

hk = Qxy
hk cosψhk* tanτ, [58] and were calculated 

with a custom-built fitting toolbox using Matlab (see SI table S3).

2.3.4. Total reflection x-ray fluorescence (TRXF)
Approximately 1 mm × 50 mm of the monolayer surface was illu

minated by x-ray beam, and the fluorescence signal was detected by an 
Amptek X-100SDD detector (500 μm thick sensor, Amptek, Bedford, 
USA) placed almost parallel to the liquid surface and perpendicular to 
the photon beam axis at 12 cm from the X-ray footprint. This detector 
position was chosen in order to keep the Compton scattering at the given 
polarization of the photons as low as possible. The footprint centre of the 
incident beam was adjusted to the middle of the trough length along the 
beam direction, and at the middle of the view angle of the fluorescence 
detector [59]. The raw peak intensities were corrected to account for the 
attenuating effect on the evanescent wave intensity (Ie) of the subphase 

and the lipid monolayer, before subtraction of the background fluores
cence intensity obtained with a lipid-free air/buffer interface (see SI figs. 
S7-S12). According to the equation Ie = I0•exp.(− z/∧), the exponential 
decayed intensity Ie at the monolayer/subphase interface from the 
maximal measured evanescent wave intensity (I0) at the air/monolayer 
interface is quantified by the monolayer thickness (z) and depth pene
tration decay length of the evanescent wave (∧) [60]. For these mea
surements, z was determined from the scattering length density profiles 
obtained from GIXOS data (Fig. 3) for the monolayers at each individual 
timepoint, and ∧ is 90 Å at the chosen incident angle (85 % of the critical 
angle of air-water interface) [60]. The ratio of the concentration ci of 
element i to the concentration cP of phosphorous was calculated as ci

cP
=

Ix,i×ϵK,P
IK,P×ϵx,i

, where Ix,i is the x-line emission intensity (x = Kα, Kβ, Lα, …) of the 
element i after correction, IK,P is the Kα emission intensity of phospho
rous. ϵx,i and ϵK,P are the detection efficiency of these emissions. It is 
calculated as ϵx,i = fSDD,E(x) × σx,i, where fSDD,E(x) is the efficiency of the 
Amptek detector for the energy E of the x-line emission, being 75.5 %, 
95.3 % and 87.8 % for the Kα of P, Ca and Cl, respectively. σx,i is the cross 
section of the x-line emission of the element i under 15 keV incident 
beam, being 34.68, 263.27 and 85.31 b/atom for the aforementioned 
emissions, respectively [61]. The uncertainty of the method is given by 
the square root of the intensity of the element's X-ray emission, and the 
intensity uncertainties are propagated to the ratio (absolute error =

celement
cP

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
( ̅̅̅̅̅̅̅̅̅̅

Ielement
√

Ielement

)2

+

( ̅̅̅
IP

√

IP

)2
√

). The transmission through the 12 cm path 

of 5 % air, 95 % helium is 100 % for the emission energies concerned, 
hence is not included in the evaluation.

2.3.5. Grazing incidence x-ray off-specular scattering (GIXOS)
GIXOS measurements used the same experimental set-up used for 

GIXD and TXRF with a narrower illumination area (0.25 mm × 50 mm). 
It permits the determination of changes in monolayer thickness and 
scattering length density [62,63] to be rapidly assessed in tandem with 
those of lipid packing geometry and interfacial ion concentration. Two 
vertical slits with 0.25 mm and 1 mm opening were placed behind the 
trough at 160 mm, and 653 mm from the pivot point. The off-specular 
scattering at 0.17◦ (Qxy = 0.04 Å− 1 at αf = 0◦) was selected by hori
zontally offsetting both slits from specular plane [62]. The intensity 
profile as a function of Qz was measured simultaneously using a Pilatus 
100 k detector (Dectris, Baden, Switzerland) mounted 2 cm behind the 
2nd slit.

The diffuse scattering intensity is measured as a function of Qz at very 
small Qxy (Qxy ≈ 0). This scattering intensity course I(Qz) (see SI fig. S16) 
is proportional to the product of the squared structure factor |Φ(Qz)|2 of 
the monolayer and the Fresnel transmitivity Tf(Qz) from the air-water 
interface [63], where Φ(Qz) is the Fourier transformation for the 
gradient of the scattering length density (SLD) profile perpendicular to 
the monolayer plane. Tf contributes to the Yoneda peak at the critical 
angle Qc of the interface. Here, the Qxy dependency of the capillary wave 
effect is neglected as it will only result in an apparently sharper in
terfaces [64,65], but not affect the thickness and density evaluation 
within the experimental accuracy. This approximation will not affect the 
validity of a qualitative evaluation on the trend of the change in 
roughness during the adsorption either.

2.4. Liposome experiments

For quantifying the binding of daptomycin to liposomes alone 
without examining structural changes in the lipid bilayers, we have 
selected model membranes predominantly in the fluid phase by using 
lipids with palmitoyl/oleoyl acyl chains. For a better link between the 
monolayer measurements and the dye leakage assay, daptomycin 
binding to liposomes containing PO3adLPG and those with DP3adLPG 
were compared.
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The use of lipids with one or both saturated acyl chains for the dye 
leakage assays enables a comparison with previous studies examining 
the relative effects of LPG [41] and lipid chain saturation/unsaturation 
[15] on daptomycin-induced membrane permeabilization.

2.4.1. Daptomycin binding assays
The large unilamellar vesicles (LUVs) composed of various mixtures 

of POPC, POPG and PO3adLPG, were all produced from the re-solvation 
of dried lipid films to make a ~5 mM lipid dispersion in 20 mM HEPES 
buffered saline (pH 5.5, 150 mM NaCl). Each dispersion was extruded 
under compressed nitrogen pressure through 100 nm pore poly
carbonate membranes (AMD Manufacturing Inc., ON Canada), for three 
passes using a LIPEX® Flow extruder (Evonik Inc., BC Canada) at 25 ◦C.

A 10:1 POPG/daptomycin molar ratio was achieved for each ternary 
lipid mixture liposome type, by adding equal volumes of a ~ 556 μM 
liposome dispersion to an 11 μM daptomycin solution. Following the 
method described by Moreira and Taylor [43], each column of an 
Invitrogen™ 96-well black-walled, clear-bottomed fluorescence micro
titre plate was pre-prepared to contain 10 μL of CaCl2 solution at eight 
different concentrations (ranging from 0.01 to 100 mM). For each 
liposome type, 90 μL of the liposome/daptomycin mixture was added to 
the wells in each column (in triplicate) to give a final volume of 100 μL 
containing ~250 μM lipid, ~5 μM daptomycin and CaCl2 in a range from 
0.001 to 10 mM. The same mass of POPC/POPG 4:1 was used for the 
binary control mixture, was also used in all of the ternary lipid mixtures 
which additionally contained PO3adLPG. All solutions were in 20 mM 
HEPES buffered saline.

The daptomycin binding assay is based on measuring the fluores
cence of the kynurenine residue, the intensity of which is proportional to 
the degree of binding to lipid membranes [66]. Fluorescence intensity 
was recorded with an Infinite 200Pro fluorimeter (Tecan Group Ltd., 
Grödig, Austria) using an excitation wavelength of 360 nm (9 nm 
bandwidth) and an emission wavelength of 448 nm (bandwidth 20 nm) 
at 25 ◦C. Post measurement, background-corrected normalized I448 
values were plotted against CaCl2 concentration and fitted using the 
non-linear regression analysis tool in GraphPad Prism for macOS version 
10.4.0 (GraphPad Software, MA, USA) with the four-parameter Hill 
function: 

I448 = Imin +
xa • (Imax − Imin)

xa + K0.5
a 

where Imin is the baseline fluorescence intensity, Imax is the maximum 
fluorescence intensity, a is the Hill coefficient, and K0.5 is the half- 
saturation constant; the concentration of CaCl2 required to achieve 
sufficient daptomycin/PG binding to elicit half of the maximum fluo
rescence intensity.

2.4.2. Fluorescence lifetime-based leakage assay
The leakage assay determines fluorescence lifetimes of calcein 

entrapped in large unilamellar vesicles as introduced in Patel et al. 2009 
[67] and described in detail in Shi et al. 2022 [68]. Briefly, LUVs 
composed of different lipid mixtures (POPG/DP3adLPG [6:4], POPG/ 
DP3adLPG [7:/3], or POPG/POPC [7:3]) were produced by hydration of 
dried lipid films with calcein buffer (70 mM calcein and 25 mM MOPS, 
pH 6.5 or pH 7.5), five free-thaw cycles, and extrusion (31 times) 
through 80 nm polycarbonate membranes (Nuclepore Track-Etched 
Membranes, Whatman International Ltd., Maidstone, UK) using a Lip
osoFast hand extruder (Avestin, Ottawa, Canada). The external calcein 
was removed on a PD-10 desalting column (GE Healthcare, Little 
Chalfont, UK) by eluting with isotonic MOPS buffer (130 mM NaCl and 
25 mM MOPS, pH 6.5 or pH 7.5). Vesicle sizes were examined by dy
namic light scattering on a Malvern Nano ZS (Worcestershire, UK) and 
lipid concentration was determined using Bartlett assay [69].

Daptomycin solutions were preincubated without/with CaCl2 (0.3 
mM or 1 mM in buffer) for 1 h before the leakage experiment. Calcein- 

loaded vesicles were injected into various concentrations of daptomycin 
to a final lipid concentration of 30 μM. Samples were incubated for the 
indicated times on a rocking MHR 13 Thermoshaker (400 U/min, Het
tich Benelux, Geldermalsen, Netherlands) at 25 ◦C before measurement.

Time-resolved fluorescence decay curves were recorded at 515 nm 
using time-correlated single-photon counting (TCSPC) on a FluoTime 
100 (PicoQuant, Berlin, Germany) with a 467 nm laser diode pulsed at 1 
MHz for excitation. The biexponential fit of decay curves and determi
nation of the total leakage (Ltotal) were performed as described previ
ously [68].

3. Results

In order to better understand the influence of PG/3adLPG ion pairing 
on the effects of daptomycin on membrane barrier function, we first 
examined the nanoscale structural changes induced by daptomycin 
interaction with monolayer systems. This approach serves to correlate 
structural changes with the functional effects in bilayers which are pu
tatively driven by them. The order in which the results are described 
follows this structure-function hypothesis.

3.1. Monolayer models

3.1.1. The charge state and interactions of lipid monolayers with ions: In 
equimolar PG/LPG mixtures, calcium is excluded from the lipid monolayers 
in absence of daptomycin

Total reflection x-ray fluorescence (TRXF) analysis was conducted on 
the lipid monolayers, concomitantly with x-ray scattering measure
ments, to study the presence of different ion species at the subphase- 
membrane interface and to evaluate the effect of ions on daptomycin 
interaction with the monolayer. With TRXF, detailed information about 
the ion composition of the electric double layer at Langmuir monolayer 
interfaces can be obtained within a depth of ~10 nm from the water 
surface (determined by the incident angle of the x-ray in this experi
ment) with an error of ≤10 % [70]. In common with the other grazing- 
incidence x-ray methods we used, the TRXF method is integrative and 
covers a specific area of the monolayer (50 mm × 1 mm), averaging 
emission from any potentially inhomogeneous distributions of dapto
mycin caused by the subphase injection method. It should be noted that 
TRXF is element and surface sensitive, e.g. quantified chlorine atoms in 
our experimental composition can only result from the chloride ions 
near the interface.

The relative quantities of detectible ions in proximity to the mono
layer were determined by the integrated intensity of the characteristic 
Kα fluorescence emission peak of each element in the TRXF spectra ob
tained at different timepoints post subphase injection of daptomycin 
beneath the monolayers compressed to 30 mN/m (Fig. 2). The presence 
of three types of elements was examined; chlorine (Cl− ions) and cal
cium (Ca2+ ions) from the subphase (Kα emission bands at 2.62 and 3.69 
KeV, respectively), and phosphorous from the phosphate moiety of the 
lipids (Kα emission band at 2.05 keV) (for an example background cor
rected spectrum with indicated peaks see SI fig. S6).

The Kα emission intensity (I) normalized to the detection efficiency 
for the Kα directly reports on the excess concentration ratio between the 
Ca2+ and Cl− ions and lipid headgroup phosphorous at the monolayer/ 
buffer interface, to a depth of 90 Å. Hence, the Cl/P and Ca/P ratios were 
calculated for data interpretation. Here, we mainly consider the values 
after 20,000 s adsorption or longer.

Starting the evaluation of Cl at the monolayer/water interface, it 
appears that Cl− ions remain mostly excluded from association with the 
lipid headgroups throughout the experiments. An exception is the 
daptomycin-free DPPG/DP3adLPG [1:1] monolayer, which has an Cl− /P 
ratio of 0.02, indicating the presence of a small excess of positive 
headgroup charge, which allows electrostatic attraction of Cl− ions. 
DP3adLPG can hypothetically attract Cl− ions, since the lipid can be 
assumed to be fully ionised with a net charge of +1. Consequently, the 
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theoretical Cl− /P ratio could potentially be 0.5 in the DPPG/DP3adLPG 
[1:1] monolayer if one LPG attracts one Cl− . Thus, the determined Cl− /P 
ratio of 0.02 provides evidence for sequestration of the DP3adLPG 
headgroup amines by the formation of ion pairs with PG [48]. Inter
estingly, the Cl− ions seem to be excluded from the DPPG/DPPC [7:3] 
and DPPG/DP3adLPG [7:3] monolayer interfaces (Fig. 2A and B), 
despite the relatively high initial amounts of Ca2+ ions associated with 
the lipid headgroups.

Evaluation of the interfacial calcium ion concentration allows a fuller 
interpretation of the changes occurring in the monolayers upon 
adsorption of daptomycin. First, we consider the various lipid mono
layers without daptomycin in more detail. In the DPPG/DPPC [7:3] 
monolayer, the monolayer with the highest initial Ca/P ratio (0.39), the 
Ca2+ ions most likely form cross-links between lipid headgroup phos
phates, potentially resulting in either PC/PC, PG/PG or PC/PG com
plexes. The depletion of Cl− compared to the bulk concentration 
suggests that the interface is not entirely neutralised by Ca2+, and 
anionic charge still persists. If all of the monolayer lipid headgroup 
phosphates were crosslinked by Ca2+ ions, the theoretical Ca/P ratio 
would be 0.5. The actual Ca/P ratio of the daptomycin-free system is 
closer to the scenario where Ca2+ ions were only able to cross-link 
adjacent DPPG molecules; a theoretical Ca/P ratio of 0.35. This is 
consistent with a previous finding, which showed that at bulk calcium 
concentrations below 50 mM, Ca2+ binds readily to PG, due to their 
electrostatic attraction [71].

The initial Ca/P ratio calculated for the daptomycin-free DPPG/ 
DP3adLPG [7:3] monolayer, was 0.26. This is close to the value of 0.2, 
which would correspond to the theoretical Ca/P ratio from calcium 
cross-linked PG/PG complexes in coexistence with DPPG/DP3adLPG ion 
pairs, presenting a net neutral interface. The significant decrease in 
calcium binding to PG, compared with the PG/PC monolayer provides 
further evidence for the existence of DPPG/DP3adLPG ion pairs. The 
presence of a theoretically net neutral interface for the DPPG/DP3adLPG 
[1:1] monolayer (Fig. 2C) formed entirely from DPPG/DP3adLPG ion 
pairs is strongly supported by the negligible amount of Ca2+ ions 
detected.

Subphase injection of daptomycin changes the amount of headgroup 
associated ions. The effect is strongly dependent upon the lipid 
composition, despite the fact that the increase in surface pressure indi
cated that interfacial adsorption of daptomycin occurred with all three 
monolayers. The DPPG/DPPC [7:3] monolayer showed the largest 

overall increase in surface pressure. After an initial spike, the Ca/P ratio 
shows little deviation from the initial value, having an average of 0.43 
± 0.04 over the experimental time course. This may be due to the 
displacement of Ca2+ ions from PG/PG, in favour of the formation of 
Ca2+ bridged daptomycin/DPPG complexes. In summary, there is no 
overall change in interfacial calcium concentration. The DPPG/ 
DP3adLPG [7:3] monolayer shows a biphasic increase in Ca/P ratio, 
which rises from 0.26 to 0.39 followed by a decrease and a final increase 
to 0.46 at the end of the considered timeframe. Excluding the last value, 
the Ca/P ratio is more fluctuating having an average of 0.31 ± 0.06, 
indicating a weak increase in Ca/P ratio by 0.13 compared to the 
absence of daptomycin. This could be due to either the displacement of 
PG from PG/3adLPG ion pairs, and subsequent association of PG with 
daptomycin via a Ca2+ bridge, or simply the accumulation of non- 
complexed daptomycin-Ca2+ at the interface, driven by its surface ac
tivity. A higher increase in Ca2+/P ratio from 0.04 in absence of dap
tomycin to an average of 0.21 ± 0.08 is observed for the DPPG/ 
DP3adLPG [1:1] monolayer, which might have occurred by the same 
two mechanisms but with a higher extent compared to the DPPG/ 
DP3adLPG [7:3] monolayer.

3.1.2. Grazing-incidence X-ray diffraction (GIXD): daptomycin reduces 
lipid order only in PG/3adLPG [7:3] monolayers

Integration of the scattering intensities of the Bragg peaks observed 
in the GIXD diffractograms (see SI fig. S13), in both the Qxy and Qz di
rections, yields the peak centres from which the unit cell lattice pa
rameters of alkyl chain packing can be calculated [57] (see SI table S2). 
Additionally, mean size of the crystallites in the plane of the monolayer 
(Lxy) in the liquid condensed phase was determined.

Prior to subphase injection of daptomycin, the DPPG/DPPC [7:3] 
monolayer exhibited a typical oblique unit cell geometry [54] (see SI fig. 
S15), indicated by the three distinct Bragg peaks visible in the dif
fractogram (see SI fig. S13). The average molecular area in the mono
layer was 43.2 Å2, the intermolecular spacing being 4.2 Å, with a chain 
tilt angle of 21◦ in the direction of the nearest neighbour (NN). The mean 
size of the crystallite along the plane normal of ~376 Å is indicative of 
highly ordered liquid crystals [72], the domains of which would contain 
an average of ~90 molecules in one dimension (Lxy/d). Similar to the 
DPPG/DPPC monolayer, the DPPG/DP3adLPG [7:3] mixture also 
exhibited an oblique unit cell geometry, with a molecular area of 43.8 
Å2, a chain tilt of 23◦ (NN direction), an intermolecular spacing of 4.2 Å 

Fig. 2. The number of Ca (red circles) and Cl (blue triangles) associated with each phospholipid headgroup given as element/phosphorous ratio in the model 
monolayers, calculated from TRXF data, showing changes occurring during the daptomycin adsorption process. The monolayers consist of (A) DPPG/DPPC [7:3], (B) 
DPPG/DP3adLPG [7:3] and (C) DPPG/DP3adLPG [1:1]. The experiment started with monolayers compressed to ≈30 mN/m on a 1 mM CaCl2 subphase at 25 ◦C. The 
timepoint of daptomycin injection (final subphase concentration ≈3 μM) was at t = 0 s, where the corresponding TRXF spectrum was taken before the injection. The 
daptomycin adsorption isotherm is given in black as a reference. If the adsorption isotherm starts below 30 mN, this was caused by a slight decrease of surface 
pressure during the subphase injection. The error bars represent the calculated error of the method given by √(element signal intensity). The TRXF spectra resulting 
in the calculated element/phosphorous ratios are presented in SI Figs. S7-S12. (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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and a mean lateral size of the crystallite of ~400 Å (~96 molecules in 
one-dimension of the crystal). Only two distinct Bragg peaks were 
visible in the diffractogram of the DPPG/DP3adLPG [1:1] monolayer 
(see SI fig. S13), which is typical for an orthorhombic unit cell geometry 
[54] (see SI fig. S15). The unit cell of the equimolar mixture shows an 

area per molecule of 44.7 Å2, a chain tilt angle of 26◦ (NN direction), an 
intermolecular spacing of 4.2 Å and a coherence length of ~450 Å 
(~108 molecules in one-dimension of the crystal).

After injection of daptomycin into the subphase, both, average mo
lecular area, and chain tilt angle decrease concomitantly in all three of 

Fig. 3. Changes in average area per molecule (APM, black circles), chain tilt angle (purple squares), and mean size of the crystallite in the plane of the monolayer 
(Lxy. blue triangles) caused by the adsorption of subphase injected daptomycin (~3 μM) to monolayers of (A) DPPG/DPPC [7:3], (B) DPPG/DP3adLPG [7:3] or (C) 
DPPG/DP3adLPG [1:1], on a 1 mM CaCl2 subphase at 25 ◦C, derived from the analysis of GIXD measurements. (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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the binary mixed monolayers (Fig. 3). This is likely caused by the 
adsorption of daptomycin to the air/liquid interface, instead of a specific 
interaction with the lipids. In consequence, the lipids in the monolayer 
are compressed. The smallest change in molecular area over the course 
of 8 h occurs in the DPPG/DPPC [7:3] monolayer (~1.5 Å2). Both DPPG/ 
DP3adLPG monolayers exhibit equivalent molecular area changes 
(~2.2 Å2). The largest change in tilt angle was observed for the DPPG/ 
DP3adLPG [1:1] monolayer (~7.6◦), with the smallest change occurring 
in the DPPG/DP3adLPG [7:3] monolayer (~5.6◦). In all three cases, 
however, the average intermolecular distance between the lipid mole
cules, remains 4.2 Å.

With respect to changes in mean size of the crystallite in response to 
adsorption of daptomycin (Fig. 3), the DPPG/DP3adLPG [7:3] mono
layer shows a noticeably different trend compared to the other lipid 
mixtures. In both the DPPG/DPPC [7:3] and DPPG/DP3adLPG [1:1] 
monolayers, the correlation length fluctuates around a mean value 
instead of showing a clear increase or decrease over the course of the 
measurement. For the DPPG/DPPC mixture, the mean Lxy is 370 ± 50 Å 

averaged over the measurement time, whilst the DPPG/DP3adLPG [1:1] 
mixture shows less fluctuation in Lxy during adsorption (420 ± 30 Å). 
The Lxy of the DPPG/DP3adLPG [7:3] monolayer, on the other hand, 
decreases steadily over time from 400 to 180 Å, suggesting a clear 
reduction in domain size, which nevertheless still exhibit a high degree 
of long-range order. The greater change in domain size observed for the 
DPPG/DP3adLPG [7:3] monolayer also manifests as significant changes 
in Qxy integrated peak intensities (see SI fig. S14).

Daptomycin therefore induces structural changes in all three lipid 
monolayers (decreasing both chain tilt and molecular area) to different 
extents. However, only for the DPPG/DP3adLPG [7:3] monolayer, a 
significant decrease of order (domain size of crystallites) was found, 
possibly induced by daptomycin disturbing the alkyl chain packing 
within the lipid crystallites of the monolayer in the liquid condensed LC 
phase state.

Fig. 4. X-ray SLD profiles derived from GIXOS intensity profiles (Qxy = 0.04 Å− 1) fitted by a 2- compartment model, prior to subphase injection of daptomycin and at 
the first and final timepoints post injection (left panel). The changes in SLD of the compartment in contact with air assigned to the lipid acyl chains (without or with 
adsorbed daptomycin) over the complete experimental time course are plotted in the right panel. Monolayers are composed of DPPG/DPPC [7:3] (A), DPPG/ 
DP3adLPG [7:3] (B) or DPPG/DP3adLPG [1:1] (C), at 25 ◦C.
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3.1.3. Changes in monolayer thickness and density using GIXOS: PG/ 
3adLPG ion pairing seems to reduce the daptomycin incorporation in lipid 
monolayers

Grazing incidence x-ray off-specular scattering (GIXOS) character
izes the scattering length density (SLD) profile of the surface layer 
normal to the surface plane providing structural information about 
orientation of lipids [62]. Here the SLD is related to the electron density 
of the moieties at different depths by the constant re = 2.82 × 10− 5 Å, 
and hence represents the height and packing density of different regions 
of the lipid monolayer deposited at the air/liquid interface. In order to 
produce the monolayer density (SLD) profiles, the I(Qz) of a respective 
monolayer was fitted using a two-compartment model consisting of a 
headgroup compartment with SLD ρb,h,m higher than the aqueous bulk 
ρwater = 9.43 × 10− 6 Å− 2, and a tail compartment with SLD ρb,t,m lower 
than the headgroup region, performed with a custom-built fitting 
toolbox using Matlab. The interfaces of headgroup-bulk, tail-headgroup 
and air-tail were all modelled by error functions [73] and can be 
interpreted as roughness. The fitting of I(Qz) thus yields the thickness Dt, 

m, Dh,m of the tail and the head compartment, their SLD and their 
roughness.

The SLD profiles (Fig. 4) encode information averaged over the entire 
area within the footprint of the x-ray beam (50 mm × 0,25 mm), 
covering also coexisting domains. In a pure phospholipid monolayer, the 
highest electron density is provided by the lipid headgroups, allowing a 
clearer distinction between the solvent water and the lipid acyl chains 
(illustrated in Fig. 4A). The roughness of the layers is illustrated by the 
slope of the SLD profiles at the junctions between the different layers. 
Zero roughness would be indicated by vertical junctions and a shallower 
slope represents a rougher interface. A high roughness might also indi
cate or be interpreted as an incompletely covered layer. Daptomycin has 
an overall higher SLD than the other components (calculated from the 
weighted sum of atomic scattering lengths to be ~11.45 × 10− 6 Å− 2). 
Therefore, the increase in SLD of the tail and/or the headgroup region 
can be interpreted as daptomycin inserted between lipids located 
directly at the air-buffer interface. Whether the daptomycin is homo
genously distributed or exists as lipopeptide clusters, cannot be distin
guished due to the above-mentioned average signal.

For all three monolayers, the SLD profiles presented in Fig. 4
compare the monolayers before injection of daptomycin with those at 
~4000 s (~1 h) and ~ 24,000 s (~7 h) after injection into the subphase. 
Additionally, the changes in SLD of the compartment in contact with air 
assigned to the lipid acyl chains are depicted over 21,000 s (~6 h) (left 
panels in Fig. 4). These indicate an increase of the SLD during dapto
mycin adsorption. In the case of the theoretically charge net-neutral 
DPPG/DP3adLPG [1:1] monolayer (Fig. 4C), the high surface activity 
of the daptomycin (see SI fig. S4) seems to drive the lipopeptide to 
adsorb at the air/liquid interface in spite of the presence of a lipid 
monolayer to which it has no net-electrostatic attraction. This occurs 
very rapidly and results in an increase in SLD of the compartment in 
contact with air assigned to the lipid acyl chains (by ~1.3 × 10− 6 Å− 2). 
This indicates the presence of daptomycin, and a very slight thinning of 
both, the tail and headgroup regions caused by lipid splay. However, 
after the initial effect, the parameters describing the packing in the 
DPPG/DP3adLPG [1:1] monolayer remain relatively stable (see SI table 
S6), compared to the other lipid mixtures.

Daptomycin increases the SLD of the compartment assigned to the 
lipid acyl chains more in DPPG/DP3adLPG [7:3] than in DPPG/DPPC 
[7:3] monolayer (Fig. 4A). However, in the DPPG/DPPC [7:3] mono
layer, the smaller density change is coupled with a more pronounced 
thinning of the tail layer and a thickening of headgroup layer (see SI 
table S4). This suggests that daptomycin interacts better with the 
anionic DPPG/DPPC or DPPG/DP3adLPG [7:3] monolayer than with a 
net-neutral DPPG/DP3adLPG [1:1]. We postulate that daptomycin in
corporates somehow in the lipid monolayer inducing this structural 
change, e.g. thickening of the headgroup layer due to the large cyclic 
part of daptomycin. This supports the hypothesis that daptomycin is 

strongly attracted to PG-containing interfaces.
Although there are equivalent amounts of PG in the DPPG/DPPC 

[7:3] and DPPG/DP3adLPG [7:3] monolayers, the presence of ion 
pairing between the DPPG and DP3adLPG should theoretically reduce 
its anionic charge density, and in turn weaken its interaction with 
daptomycin. This is not observed, instead, the largest effect of dapto
mycin on the SLD of the compartment in contact with air assigned to the 
lipid acyl chains was observed for DPPG/DP3adLPG [7:3] (Fig. 4B). This 
may result from efficient penetration of daptomycin in the lipid mono
layer. The tail thinning effect for the DPPG/DP3adLPG [7:3] mixture is 
not of the same magnitude as that observed for the DPPG/DPPC 
monolayer described above (see SI table S5).

3.2. Liposomal models

3.2.1. Daptomycin binding assays
The absence of any significant daptomycin binding to liposomes 

composed of either pure POPC, or the POPC/PO3adLPG mixture (Fig. 5) 
supports previous findings showing that the presence of PG is necessary 
to facilitate binding of daptomycin to membranes [5,12,13]. Although 
these assays were performed in order to determine the effect of 3adLPG 
on daptomycin binding to POPG, the incorporation of non-interacting 
POPC was necessary to maintain the colloidal stability of the lipo
somes containing equimolar quantities of POPG and PO3adLPG.

Fitting the daptomycin binding curves to the 4-parameter Hill 
function allows for comparison of the daptomycin affinities to the 
liposome formulations as a function of the increasing amount of cal
cium, with the restriction that we focus on the given 10:1 POPG/dap
tomycin molar ratio. As an indication of daptomycin/PG affinity, we 
calculated the K0.5 value, the concentration of CaCl2 required to achieve 
half the maximum daptomycin binding to the various liposome com
positions with a fixed concentration of POPG (Table 1). The degree to 
which daptomycin binds to available POPG in the liposomes, is related 
to the increase in kynurenine fluorescence emission intensities above 
their baseline-corrected level (Fig. 5). Given that between the POPC/ 
POPG 4:1 liposomes and any of those with ternary mixtures containing 
PO3adLPG, there is no statistically significant difference between the 
mean maximal fluorescence intensity achieved at saturation levels of 
daptomycin/POPG binding (p > 0.05 by Mann-Whitney U test) 
(Table 1), it may be assumed that similar degrees of binding were ach
ieved for all of these liposomes. The influence of increasing the 

Fig. 5. Baseline-corrected kynurenine fluorescence emission intensity liposome 
binding curves for daptomycin, performed in 96-well microtitre plates. In line 
with the PC/PG 4:1 mixture, ternary lipid mixture wells contained ~278 μM of 
the PC/PG mix and all wells contained 5.5 μM daptomycin (10:1 POPG/dap
tomycin molar ratio), in 20 mM HEPES, 150 mM NaCl (pH 5.5) at 25 ◦C (n = 3). 
The dashed lines represent the curves obtained by fitting the mean binding data 
to a 4-parameter Hill function. The legend gives the molar ratios of the different 
lipid components.
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proportion of PO3adLPG on the ability of daptomycin to bind to the 
POPG in the liposomes, could therefore be followed by observing the 
changes in the half-saturation (K0.5). When the proportion of PO3adLPG 
was increased above 0.2, the mean K0.5 of the POPC/POPG/PO3adLPG 
liposomes increased significantly compared to that of the POPC/POPG 
mixture (p < 0.05 by Mann-Whitney U test). In liposomes with 3adLPG 
proportions increasing from 0.4 to 1, a corresponding significant in
crease in mean K0.5 was also observed (p < 0.05 by Mann-Whitney U 
test). This shows a clear effect of increased PG/3adLPG ion pairing in 
reducing daptomycin binding to POPG, which is independent of the 
degree of acyl chain saturation in 3adLPG (SI fig. S21 and table S8).

Increasing the content of PO3adLPG above parity with POPG, pro
duces further correspondingly increases in mean K0.5, of which only that 
observed between liposomes with 1.0 and 1.2 3adLPG proportions, is 
not statistically significant (p > 0.05 by Mann-Whitney U test). It is 
apparent from these data, that despite a (biologically questionable) large 
excess of 3adLPG, the daptomycin still shows significant POPG binding, 
suggesting that Ca2+ ions are able to make PG available to daptomycin 
by displacing 3adLPG from lipid ion pairs.

3.2.2. Membrane permeabilization
To characterize the membrane permeabilization induced by dapto

mycin, we performed vesicle leakage experiments. The daptomycin 
concentration, the lipid composition, buffer pH, and concentration of 
external calcium ions were all varied. Employing a well-established 
assay, a MOPS buffer and its matching calcein-containing buffer were 
used [68].

3.2.2.1. Stability of POPG/DP3adLPG vesicles upon addition of Ca2+.
Vesicles composed of POPG/DP3adLPG [7:3] were stable and did not 
leak entrapped calcein dye for at least 10 days in the absence of Ca2+

when stored at room temperature (data not shown). Furthermore, in the 
absence of daptomycin, no leakage was induced by Ca2+ up to at least 5 
mM Ca2+ within 24 h (pH 6.5, SI fig. S17). However, increased particle 
sizes (caused by vesicle aggregation and/or fusion) were observed at 1 
mM Ca2+ (SI table S7). To avoid this additional effect altering light 
scattering and potentially causing other side effects [68,74], leakage 
behaviour in various lipid compositions and pH conditions was evalu
ated with 0.3 mM Ca2+ only. Under these conditions, no indications of 
vesicle aggregation or fusion were observed in the absence of 
daptomycin.

For a better comparison to the monolayer model data, the fraction of 
DP3adLPG in the PG/LPG mixture was increased. However, vesicles 
composed of POPG/DP3adLPG [6:4] did not retain entrapped dye at pH 
6.5 nor at pH 7.5 at room temperature. Even when prepared well above 
the gel-to-fluid melting point Tm (40 ◦C), the POPG/DP3adLPG [6:4] 
vesicles did not contain the dye even during preparation/purification of 
the vesicles. This indicates that a 6:4 mixture of POPG and DP3adLPG 
might suffer from packing defects. Preparing stable vesicles from POPG/ 
DP3adLPG [1:1] was not possible due to colloidal instability probably 
caused by the net neutral charge. For evaluation of the membrane per
meabilising effect, we focussed on the PG/LPG mixtures most relevant to 
S. aureus, as opposed to vesicles containing PC lipids that were used for 

understanding daptomycin binding (see Section 3.2.1).

3.2.2.2. Daptomycin induces leakage in POPG/DP3adLGP vesicles only in 
the presence of Ca2+. Addition of at least up to 20 μM daptomycin to 
POPG/DP3adLPG [7:3] vesicles does not induce leakage for at least 5 h 
in the absence of Ca2+ (Fig. 6).

After preincubation with 0.3 mM or 1 mM Ca2+, daptomycin induces 
leakage starting at ~1 μM reaching a plateau in the low μM range. With 
0.3 mM Ca2+, a maximum total leakage of approximately 30 % is 
reached after several hours. In the presence of 1 mM Ca2+, probably 
higher leakage is reached, but the accuracy of this value might be 
compromised by changes in particle size. Thus, our data is consistent 
with the earlier observation that the extent of leakage increases with the 
calcium concentration [75]. Even though one might assume that at the 
lower concentration of 0.3 mM, the Ca2+ remains in excess compared to 
daptomycin, so that Ca2+ should not be a limiting factor for daptomycin 
activity [9], we cannot be entirely sure of that. The equilibria of dap
tomycin, Ca2+, and diverse membranes warrant a study in its own right. 
The plateau in the leakage curve might indicate that the amount of 
daptomycin bound to the vesicles is not increasing further, even though 
the total concentration increases. Similar incomplete leakage has been 
observed in other cases [67,74,76,77].

It is likely that the calcium concentration determines the number of 
leakage events or the extent of leakage per individual leakage event. 
Most likely, Ca2+ limits the amount of daptomycin that is bound. 
Furthermore, leakage occurs rapidly and transiently, i.e., there is some 
leakage within 10 min of incubation, and the extent of leakage increases 
only slightly afterwards (SI figs. S18 and S19). To date, two options are 
considered: leakage arises from asymmetric-packing stress when the 

Table 1 
Parameters obtained from the Hill functions fitted to mean baseline-subtracted daptomycin binding curves obtained with various liposome formulations (10:1 POPG/ 
antibiotic molar ratio) in 20 mM HEPES, 150 mM NaCl (pH 5.5) at 25 ◦C (n = 3).

Liposome composition ΔImax (a.u.) K0.5 (mM Ca2+) a R2 of fit

POPC/POPG [4:1] 17,376 ± 1561 0.15 ± 0.02 1.4 0.969
POPC/POPG/PO3adLPG [4:1:0.2] 15,573 ± 636 0.13 ± 0.02 1.6 0.999
POPC/POPG/PO3adLPG [4:1:0.4] 16,533 ± 235 0.19 ± 0.004 1.7 0.997
POPC/POPG/PO3adLPG [4:1:0.6] 16,826 ± 854 0.29 ± 0.03 1.8 0.999
POPC/POPG/PO3adLPG [4:1:0.8] 18,916 ± 185 0.44 ± 0.03 1.9 0.999
POPC/POPG/PO3adLPG [4:1:1] 17,837 ± 108 0.53 ± 0.02 1.6 0.997
POPC/POPG/PO3adLPG [4:1:1.2] 18,095 ± 600 0.60 ± 0.05 1.8 0.999
POPC/POPG/PO3adLPG [4:1:1.4] 18,336 ± 1252 0.71 ± 0.04 1.8 0.994

Fig. 6. Leakage induced by daptomycin in vesicles composed of POPG/ 
DP3adLGP [7:3] in the absence and presence of Ca2+ (triangles: without Ca2+; 
circles: with 0.3 mM Ca2+; squares: with 1 mM Ca2+) after 5 h of incubation. 
Solid lines are guides to the eye. (30 μM lipids, extruded LUVs of 130–140 nm 
diameter, pH 6.5, 25 ◦C. Daptomycin was preincubated with Ca2+ or buffer for 
1 h. Entrapped buffer: 70 mM calcein, 25 mM MOPS; buffer outside: 25 mM 
MOPS, 130 mM NaCl).
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amphiphiles insert into the outer membrane leaflet only, or leakage is 
related to membrane fusion [74,78–81]. Here, we cannot exclude a 
contribution of leakage caused by membrane fusion, however there are 
indications that make us consider this unlikely in the current case (see SI 
fig. S20 and text for more details).

3.2.2.3. The 3adLPG head group enhances membrane permeabilization.
To investigate the influence of the 3adLPG head group on leakage, we 
compare to lipids with identical acyl chains, but zwitterionic PC head 
groups, i.e., POPG/DPPC [7:3] and POPG/DP3adLPG [7:3]. Daptomycin 
induces leakage in POPG/DPPC at much higher concentrations (starting 
at ~10 to 30 μM, red and orange data in Fig. 7) compared to POPG/ 
DP3adLPG vesicles (~2 μM, blue data in Fig. 7). Leakage of POPG/DPPC 
membranes is also incomplete and also transient (SI figs. S18 and S19) 
suggesting that the mechanism of leakage is identical. Daptomycin has 
been shown to oligomerize on PG/PC membranes [82] which is often a 
preliminary stage of pore formation. Since daptomycin is expected to 
bind only to the POPG in either PG/PC mixture, it seems likely that 
daptomycin also oligomerises on both types of vesicle membranes. 
Therefore, the most likely explanation for the differences in membrane 
permeabilization caused by exchanging DPPC for POPC, is that the 
structural changes which occur in the membrane upon daptomycin 
binding are different. Potentially, more fluid POPG/POPC membranes 
are better able to self-heal defects when exposed to low concentrations 
of daptomycin. We cannot exclude an effect of different binding equi
libria with the differing lipid compositions.

3.2.2.4. Daptomycin-induced leakage is facilitated in vesicles composed of 
saturated and unsaturated lipids. We examined the effect of differing lipid 
chains by comparing a mixture containing lipids with combined satu
rated and unsaturated chains (POPG/POPC) to a mixture containing 
both PO- as well as saturated-only DP-lipids (with POPG/DP3adLPG or 
POPG/DPPC head groups, respectively). Daptomycin is most active in 
vesicles containing lipids with mixed unsaturated and saturated chains 
(POPG/DPPC), with an additional effect of 3adLPG head groups (filled 
symbols in Fig. 7). With the same lipid head groups (PG/PC), vesicles are 
much less susceptible to leakage when all lipids contain unsaturated acyl 
chains (POPG/POPC) (squares in Fig. 7). This and similar work [15] 
indicate that potential packing defects between the lipid chains might 
facilitate leakage. We are aware that such packing defects are more 

likely in defined, binary model lipid membranes compared to full, bio
logical membranes. Nevertheless, the larger LPG head group in 
conjunction with ion pairing with PG lipids might result in a tendency 
for non-lamellar phases [83], i.e., suboptimal lipid chain packing.

4. Discussion

4.1. Could PG/LPG ion pairs play a role in daptomycin-Ca2+ resistance?

In staphylococci, daptomycin can act as both by inhibiting cell wall 
synthesis [5] at low concentration, and by permeabilizing membranes at 
high concentration (see SI figs. S1-S3). What these apparently separate 
mechanisms have in common is mediation via daptomycin specificity for 
the plasma membrane lipid phosphatidylglycerol, with which it forms a 
stereospecific 1:1 complex in the presence of Ca2+ ions [14,16]. For 
inhibition of cell wall synthesis, binding of daptomycin-Ca2+ complexes 
to PG stabilises a ternary complex with lipid II, inhibiting this precursor 
to the cell wall cross-linkages from advancing peptidoglycan biosyn
thesis [5]. The membrane permeabilizing activity of the daptomycin- 
Ca2+ complex is more directly mediated through its binding to PG. 
Membrane permeability is enhanced in PG-containing model mem
branes where daptomycin-driven demixing of fully-saturated and 
partially-unsaturated lipids is thought to facilitate the formation of do
mains coupled across both membrane leaflets [15]. Therefore a reduc
tion in the proportion of PG in the bacterial membrane, through 
increased conversion to either lysyl-PG or cardiolipin [24,25], could be 
considered to provide some degree of resistance to both mechanisms of 
daptomycin-Ca2+ activity. Additionally, the increased biosynthesis of 
lysyl-PG may contribute to daptomycin non-susceptibility [84,85] by 
the sequestration of membrane PG into PG/LPG ion pairs [86]. Here, we 
study this putative role of PG/LPG ion pairing in daptomycin-Ca2+

resistance using our chemically stable substitute for native staphylo
coccal lysyl-phosphatidylglycerol DP3adLPG.

4.2. Defects in membrane lipid chain packing enhance daptomycin-Ca2+- 
induced membrane perturbation

The liposome leakage studies presented here show that the presence 
of non-target PC lipids with fully-saturated chains facilitate membrane 
leakage from POPG/DPPC [7:3] liposomes exposed to daptomycin. This 
is in marked contrast to POPG/POPC liposomes which showed negli
gible leakage when challenged with daptomycin concentrations below 
10 μM, but which would be expected to elicit substantial binding of 
daptomycin. Mixing fully and partially saturated chained lipids has 
previously been shown to enhance daptomycin-induced membrane 
leakage in liposomes containing fully saturated DSPG [15]. Clearly the 
presence of non-target fully-saturated lipids such as DPPC leads to 
similar effects. Substituting DPPC with DP3adLPG in the PG/3adLPG 
[7:3] daptomycin-susceptible membrane model resulted in an even 
more pronounced membrane leakage, despite the putative protective 
role of PG/3adLPG ion pairing. Although previous studies have shown 
that the presence of native LPG in fluid phase liposomes does not inhibit 
daptomycin binding [42,43], it has not been reported how this might 
influence membrane permeability. Although the degree of daptomycin 
binding was independent of 3adLPG chain saturation (SI fig. S21 and 
table S8), the influence of non-target lipid chain saturation is a possible 
contributing factor in leakage enhancement, as in the example of the 
POPG/DPPC mixtures. Daptomycin was clearly able to bind to the PG in 
the POPG/DP3adLPG [7:3] liposomes, either through displacing the 
Ca2+ ions that cross-link adjacent fluid phase PG headgroups [87,88], 
and/or by displacing the cationic lipid from PG/3adLPG ion pairs. The 
propensity for equimolar DPPG/DP3adLPG ion pairs to form inverse 
hexagonal (HII) phases [83], most likely through splaying of the lipid 
tails, may be enhanced by the oleoyl chain in POPG. This, in turn, fa
cilitates the observed enhanced dye leakage. The use of POPG/ 
DP3adLPG [7:3] liposomes as model daptomycin-susceptible strain 

Fig. 7. Leakage induced by daptomycin in LUVs composed of POPG/DP3adLPG 
[7:3] (filled, blue: at pH 6.5; dark blue: at pH 7.5), POPG/DPPC [7:3] (filled, 
orange: at pH 6.5; red: at pH 7.5); and POPG/POPC [7:3] (open, orange: at pH 
6.5; red: at pH 7.5). Solid lines are guides to the eye. (30 μM lipids, extruded 
LUVs of 110–140 nm diameter, 25 ◦C. Daptomycin was preincubated with 0.3 
mM Ca2+ for 1 h. Entrapped buffer: 70 mM calcein, 25 mM MOPS; buffer 
outside: 25 mM MOPS, 130 mM NaCl). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

M. Hoernke et al.                                                                                                                                                                                                                               BBA - Biomembranes 1867 (2025) 184452 

11 



membranes supports the ability of daptomycin to bind and permeabilize 
these types of membranes. However, it remains unclear from the leakage 
data what role if any, is played by LPG in daptomycin tolerance [31]. 
This points to a more important role for the calcium ions present at the 
interface in facilitating daptomycin/PG interactions, especially in the 
presence of LPG head groups.

4.3. Ca2+-induced lateral demixing in mixed lipid monolayers enhances 
daptomycin adsorption

The apparent discrepancy between the rapid and high degree of 
interfacial adsorption of daptomycin-Ca2+ to the DPPG/DPPC mono
layer (see SI fig. S5) or its high affinity for POPC/POPG liposomes 
(Fig. 5) and the comparatively low membrane permeability of POPG/ 
POPC vesicles, provides a useful illustration of the extent to which 
daptomycin-induced membrane permeabilization is dependent upon 
both lipid chains and headgroups [15]. The TRXF experiments indicate 
the presence of relatively high amounts of Ca2+ at the interface of the 
DPPG/DPPC [7:3] monolayer, which most likely cross-link DPPG 
headgroups to form neutral dimers which mix well with the zwitterionic 
DPPC. Evidence for the monolayer DPPC itself having little or no 
interaction with Ca2+ to form cationic pairs comes from the relative 
scarcity of Cl− counter ions within the interfacial region. In this situa
tion, PG might be considered to be shielded from interactions with 
daptomycin-Ca2+. However, this seems not to be the case as daptomycin 
clearly adsorbs to DPPG/DPPC [7:3] monolayers causing changes in 
lipid packing (GIXD data) and monolayer density (GIXOS data). Dap
tomycin-Ca2+ likely displaces the Ca2+ from the salt-bridged PG dimers 
to strongly bind to the lipid, aided by the binding pockets in its cyclic 
peptide moiety which have a strong affinity for the hydroxyl groups of 
the PG headgroup glycerol [14].

Adsorbed daptomycin takes up space at the air/liquid interface and 
thus condenses the lipids, decreasing the average molecular area and 
chain tilt angle (schematic illustration Fig. 8). Because daptomycin does 
not form a well-defined and tightly packed layer, adsorption also in
creases the interfacial roughness determined in GIXOS experiments. The 
consistency of the lateral size of crystallites in the LC phase of the lipids, 
even upon adsorption of daptomycin, implies that some daptomycin 
adsorbs; most likely in the non-crystalline part or at the edges of crys
tallites. Another part of the bound daptomycin probably oligomerises 
and faces the subphase. Oligomerisation of daptomycin-Ca2+ bound to 

PG may also facilitate the lateral sequestration of PG from non- 
interacting PC both, in monolayers (schematic illustration Fig. 8) and 
vesicle bilayers. This might possibly facilitate packing defects in the 
mixed chain POPG/DPPC [7:3] vesicles, leading to a significant increase 
in dye leakage compared to POPG/POPC [7:3] vesicles [15]. Whether 
this effect of lipid chains is relevant beyond binary mixed model mem
branes to biological membranes remains doubtful due to the more fluid 
nature of the latter, but it can help us to understand how daptomycin- 
Ca2+/PG interactions have a propensity to alter the structures of mixed 
lipid systems.

4.4. Demixing in PG/3adLPG systems may enhance their perturbation by 
daptomycin-Ca2+

For assessing the influence of lipid headgroup ion pairing on dap
tomycin/lipid interactions, PC was substituted with the LPG analogue 
3adLPG in both monolayer and bilayer models. For the biomimetic 
daptomycin-susceptible PG/3adLPG ratio [7:3] [29], the type and 
extent of interaction with daptomycin-Ca2+ was different to that 
observed with DPPG/DPPC 7:3 monolayers. In the absence of Ca2+ ions, 
DPPG/DP3adLPG [7:3] monolayers have a significant anionic charge 
[48]. The relatively high amount of Ca2+ ions detected in the interfacial 
region of the PG/3adLPG [7:3] monolayer suggests that calcium in
teracts with excess PG in the lipid mixture resulting in an effectively 
neutralised monolayer consisting of DPPG/DP3adLPG ion pairs and 
calcium-bridged PG dimers, as suggested by the TRXF data (Fig. 2 and 
schematic illustration Fig. 8). Addition of daptomycin-Ca2+ increases 
the surface pressure and interfacial roughness, and decreases the 
average molecular area and lipid chain tilt. This may be attributed to 
two effects: firstly, the displacement of Ca2+ ions cross-linking dimerised 
PG molecules to form daptomycin-Ca2+-complexed DPPG, and secondly 
the adsorption of daptomycin-Ca2+ directly at the air/liquid interface, 
both of which would serve to increase the lipid packing density. Sub
sequently, increased interfacial calcium may also make the PG/3adLPG 
[7:3] model membranes sensitive to daptomycin by displacing the 
cationic lipid from PG/3adLPG ion pairs and binding to its target PG 
(schematic illustration Fig. 8). This is also evident from the liposomal 
binding experiments, which show that calcium is able to displace 
3adLPG from ion pairs with PG. In contrast with the DPPG/DPPC [7:3] 
monolayer, the mean size of crystallites of the PG/3adLPG [7:3] 
monolayer significantly decreases upon interaction with daptomycin. 

Fig. 8. The putative effects of daptomycin in presence of Ca2+ on various binary lipid mixtures. The effects are shown at the lipid monolayers at the air/liquid 
interface, prior and subsequent to subphase injection of daptomycin, but also can be postulated for lipid bilayers. In PG/PC 7:3 monolayers, daptomycin-Ca2+ binds 
to DPPG by displacing the Ca2+ which cross-links adjacent anionic headgroups. This facilitates interfacial adsorption and insertion of daptomycin. In presence of 
3adLPG in the PG/3adLPG [7:3] mixture, the lipid mixture becomes more sensitive to daptomycin. Daptomycin efficiently incorporates in the lipid mixture and 
vesicles become more permeable. The interaction of the lipid mixture with daptomycin-Ca2+ can induce the release of PG from ion pairs. In the PG/3adLPG [1:1] 
mixture, the lipid ion pairing dominates the electrostatics at the lipid/subphase interface resulting in a strong reduction in calcium binding. Also, the interaction with 
daptomycin is reduced. Even if a certain adsorption was detected, the incorporation of daptomycin seems to be reduced. The acyl chain of daptomycin will most 
likely be shielded from water even if daptomycin is not inserted into the membrane potentially by oligomerization, not illustrated. The schematic illustration is a 
summary the main hypotheses resulting from our findings, aspects of binding geometry, stoichiometry or direct binding partners are not intended to be accurately 
represented.

M. Hoernke et al.                                                                                                                                                                                                                               BBA - Biomembranes 1867 (2025) 184452 

12 



This is probably due to enhanced lateral separation of the DPPG/ 
DP3adLPG ion pairs from patches enriched in DPPG with bound dap
tomycin. In the POPG/DP3adLPG [7:3] vesicles, this putative lateral 
separation may be further enhanced by unfavourable packing of POPG 
with mixed acyl chains and DP3adLPG with saturated acyl chains. This 
presumed enhanced lateral separation would likely further promote 
membrane perturbation compared to those composed of POPG/DPPC as 
observed in our leakage experiments. The fraction of DPPG involved in 
ion pairs with DP3adLPG in the investigated DPPG/DP3adLPG [7/3] 
monolayers in the presence of Ca2+ could not be determined with our 
experiments. However, the monolayer adsorption data which shows a 
lower final surface pressure suggests that there is less daptomycin-Ca2+

adsorbed to the DPPG/DP3adLPG [7:3] monolayer compared to DPPG/ 
DPPC [7:3] (see SI fig. S5). The liposomal binding assays support this, in 
showing that daptomycin affinity is slightly reduced in the presence of 
3adLPG. This is actually in accordance with what is expected assuming 
less electrostatic attraction of daptomycin-Ca2+ to the less negatively 
charged PG/LPG compared to PG/PC. Nevertheless, according to the 
reduced size of crystallites and the increased interfacial roughness in 
DPPG/DP3adLPG [7:3] compared to DPPG/DPPC [7:3], the daptomycin 
induces more pronounced structural changes in the presence of 3adLPG, 
a fact which also supports the more significant dye leakage observed in 
the DPPG/DP3adLPG [7:3] liposomes.

4.5. PG/3adLPG ion pairing does provide some protection against 
daptomycin-Ca2+ binding

A significant advantage of using the monolayer model is that it al
lows the study of daptomycin interactions with net-neutral PG/3adLPG 
[1:1] mixtures, which is not possible in liposome dispersions without the 
presence of high amounts of PC, due to colloidal instability. In the 
absence of daptomycin, the DPPG/DP3adLPG [1:1] monolayer attracts 
Cl− ions, indicative of a slightly positive interfacial charge. This may 
indicate the presence of a small portion of Ca2+ bridges between adja
cent PG molecules instead of a layer formed entirely of PG/3adLPG ion 
pairs, in which non-paired 3adLPG could attract chloride ions. Overall, 
the monolayer would still predominantly consist of DPPG/DP3adLPG 
ion pairs (schematic illustration Fig. 8) [48]. After subphase injection of 
daptomycin, the PG/3adLPG ion pairs seem to be disrupted to a small 
extent, possibly by a competing daptomycin-Ca2+/DPPG interaction. 
Calcium ion concentration certainly increases at the interface upon 
adsorption of daptomycin. This increase results in smaller amounts of 
Ca2+ ions at the interface of DPPG/DP3adLPG [1:1] monolayers 
compared to DPPG/DP3adLPG [7:3] or DPPG/DPPC [7:3]. Displace
ment of 3adLPG from PG/LPG ion pairs, which can be assumed by 
daptomycin binding in the liposomal binding studies, might be expected 
to attract Cl− to the interface, but there is no evidence of this from the 
TXRF measurements. Nevertheless, some daptomycin-Ca2+ must 
become bound to the PG/3adLPG [1:1] mix according to the monolayer 
adsorption data (Fig. S5), supporting the findings from vesicle binding 
studies. Consequently, a different mode of interaction can be assumed.

From the GIXOS measurements, after an initial increase in interfacial 
roughening and SLD of the lipid tails in DPPG/DP3adLPG [1:1] post 
injection, there is no further development of these changes compared to 
that observed for the DPPG/DP3adLPG [7:3] monolayer. This suggests 
that there is less daptomycin interaction for the equimolar PG/3adLPG 
[1:1] mixture. This is supported by the liposomal binding data. The 
decreased size of crystallites observed for PG/3adLPG [7:3] in GIXD 
experiments was absent in PG/3adLPG [1:1] monolayers, implying that 
the lipid ion pairs are disrupted to a lesser degree in the presence of 
daptomycin-Ca2+, also an adsorption at the lipid headgroups with less 
tendency to incorporate in the acyl chain region may be assumed 
(Fig. 8). The shift to an equimolar PG/3adLPG ratio, therefore, appears 
to make the PG in the lipid bilayer less available for daptomycin inter
action at sufficiently low Ca2+ concentrations, which suggests that 
sequestration of membrane PG into PG/LPG ion pairs could play some 

role in daptomycin resistance in staphylococci.

4.6. PG/LPG ion pairing probably acts in combination with other 
daptomycin resistance mechamisms

Our results build upon previous findings, which showed that under 
mild pH conditions, the presence of synthetic native LPG in DMPC/ 
DMPG/DMLPG [2:1:1] liposomes showed a small decrease in dapto
mycin binding affinity compared with DMPC/DMPG [3:1] vesicles [43]. 
Our results differ in a number of important ways, firstly showing that 
daptomycin binding to model staphylococcal membranes can occur in 
the presence of the stable LPG analogue 3adLPG, secondly that post- 
binding structural changes can induce significant membrane perturba
tion and permeabilization and thirdly that PG/3adLPG ion pairing in 
equimolar mixtures significantly reduces daptomycin binding. In the 
absence of potential PG/LPG ion pairing, daptomycin was shown to 
exhibit a weak affinity for DMLPG, possibly via the free hydroxyl of its 
headgroup glycerol [43]. This may be in part due to the predominance of 
neutral zwitterionic LPG species at pH 7.4 [89], which would not exhibit 
any charge repulsion against daptomycin-Ca2+. In the liposomal binding 
experiments carried out for this study 3adLPG would be significantly 
ionised at pH 5.5 [48]. The resultant PG/3adLPG ion pairing in equi
molar mixtures significantly reduces daptomycin binding, compared to 
the daptomycin-susceptible PG/3adLPG [2:1] model.

In bacterial cells, ion pairing between native LPG and PG is promoted 
under the acidic conditions encountered at the outer leaflet of the cell 
membrane [46], which is the target site of daptomycin. If such PG/LPG 
ion pairing were to occur in localized regions of the membrane actively 
involved in cell wall synthesis [5], this may in part explain the observed 
link between mprF expression, increased LPG biosynthesis, and dapto
mycin resistance [27,90]. Any such protection afforded by localized 
increases in membrane LPG would of course rely on the integrity of PG/ 
LPG ion pairs. Since this in turn is dependent upon local Ca2+ concen
trations which would be increased by the presence of daptomycin-Ca2+, 
additional resistance factors which reduce exposure of the membrane to 
daptomycin may play equally if not more important roles in daptomycin 
resistance. Thus, the range of measures deployed by daptomycin resis
tant strains of S. aureus, which include increased cell wall thickness [27] 
and teichoic acid D-alanylation [85], in addition to increased conversion 
of PG to LPG [24] and CL [25], most likely provide a synergistic pro
tection against daptomycin. It has even been demonstrated that 
increased mprF expression alone can facilitate decreased susceptibility 
to daptomycin when decoupled from LPG synthesis via a putative efflux 
action of the MprF flopase subunit [31]. Considering the number of 
different observed daptomycin resistant phenotypes, it seems clear that 
LPG is unlikely to be solely responsible for increasing resistance to the 
antibiotic. Therefore, the combined effect of these different resistance 
mechanisms, including the sequestration of PG into PG/LPG ion pairs, 
may yet prove to be much more important than any individual factor.

5. Conclusions

In our model systems, the presence of 3adLPG in quantities less than 
equimolar with PG can promote lateral domain formation in monolayers 
or bilayers. In the presence of calcium ions, a PG/3adLPG [7:3] mixture 
likely consists of Ca2+ cross-linked PG/PG pairs and PG/3adLPG ion 
pairs. These phase-separated domains facilitate membrane interaction 
with daptomycin-Ca2+ through the displacement of Ca2+ from PG/PG 
pairs, giving access to the target lipid PG. The subsequent increase in 
local calcium concentration enables the displacement of 3adLPG from 
ion pairs with PG. This appears to create a kind of chain-reaction leading 
to increased daptomycin binding and decreasing PG/3adLPG domain 
size. In the leakage experiments with liposomes containing fully satu
rated DP3adLPG, this increased daptomycin binding seems sufficient to 
cause enhanced membrane permeability. Model systems made from 
equimolar PG/3adLPG mixtures show a marked reduction of 
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daptomycin binding, through full sequestration of the PG into ion pairs 
with 3adLPG, theoretically creating a single homogeneous phase. This 
does not render equimolar PG/3adLPG non-susceptible to daptomycin 
binding, because a sufficiently high local Ca2+ concentration facilitates 
displacement of the 3adLPG, making the PG available to daptomycin. 
Therefore, the key to the protective effect exerted by 3adLPG on reduced 
daptomycin-Ca2+/PG binding lies in there being sufficient quantities of 
the LPG lipid analogue to sequester the available PG, and local Ca2+

concentrations being low enough not to split the PG/3adLPG ion pairs.

Supplementary information

Full descriptions of microbiological assays showing the effects of 
daptomycin membrane activity. Gibbs adsorption isotherm of dapto
mycin. All background-corrected TRXF spectra. Lipid monolayer GIXD 
diffraction patterns in the absence of subphase daptomycin and all Qxy 
integrations showing the time-dependent effects of daptomycin 
adsorption to the monolayer-coated air/liquid interface. 
Tables summarizing Qxy and Qz integrated Bragg peak positions and the 
lipid 2D lattice parameters obtained from Bragg peak fitting. Repre
sentative examples of fits to the GIXOS data, together with tabulated 
layer thickness and scattering length density parameters obtained from 
GIXOS data fitting, showing the effects of daptomycin interfacial 
adsorption on monolayer structure. Additional leakage data.
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