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ABSTRACT: Daptomycin is a phosphatidylglycerol specific,
calcium-dependent membrane-active antibiotic that has been
approved for the treatment of Gram-positive infections. A recent
Bacillus subtilis study found that daptomycin clustered into fluid
lipid domains of bacterial membranes and the membrane binding
was correlated with dislocation of peripheral membrane proteins
and depolarization of membrane potential. In particular, the study
disproved the existence of daptomycin ion channels. Our purpose
here is to study how daptomycin interacts with lipid bilayers to
understand the observed phenomena on bacterial membranes. We
performed new types of experiments using aspirated giant vesicles
with an ion leakage indicator, making comparisons between
daptomycin and ionomycin, performing vesicle−vesicle transfers, and measuring daptomycin binding to fluid phase versus gel
phase bilayers and bilayers including cholesterol. Our findings are entirely consistent with the observations for bacterial
membranes. In addition, daptomycin is found to cause ion leakage through the membrane only if its concentration in the
membrane is over a certain threshold. The ion leakage caused by daptomycin is transient. It occurs only when daptomycin binds
the membrane for the first time; afterward, they cease to induce ion leakage. The ion leakage effect of daptomycin cannot be
transferred from one membrane to another. The level of membrane binding of daptomycin is reduced in the gel phase versus
the fluid phase. Cholesterol also weakens the membrane binding of daptomycin. The combination of membrane concentration
threshold and differential binding is significant. This could be a reason why daptomycin discriminates between eukaryotic and
prokaryotic cell membranes.

Daptomycin is a Food and Drug Administration-approved
calcium-dependent antibiotic that specifically targets

bacterial membranes, particularly that of Gram-positive
bacteria.1 Accumulated evidence so far consistently supports
the role of the bacterial membranes being the central target for
the action of daptomycin.1−12 Indeed, the mutations that alter
susceptibility to daptomycin appear to directly affect the
membrane lipid composition.8−12 In two examples, both the
decrease in the level of phosphatidylglycerol (PG) synthesis
and the increase in the level of conversion of PG to
lysylphosphatidylglycerol found in the resistant mutants of
Staphylococcus aureus13 and Bacillus subtilis14 led to reduced
daptomycin activity. Electron microscopy showed that
daptomycin does not cause cell lysis,7,15 nor does it cause
leakage of molecules other than ions.5,7

For years, the mode of action of daptomycin has been
assumed to be leakage of potassium ions that leads to the loss
of membrane potential and cell death.1−12,16 In lipid vesicle
experiments, daptomycin causes ion leakage only when the

vesicles contain PG and in the presence of calcium ions,6,17

exactly the same condition found to be necessary for
daptomycin to be effective against bacteria. However, recently
Müller et al.18 performed an in vivo study on B. subtilis
membranes using a combination of proteomics, ionomics, and
fluorescence microscopy assays. They found evidence contra-
dicting two previous hypotheses concerning the daptomycin
mechanism; i.e., daptomycin forms ion channels in bacterial
membranes,1,16,19,20 or daptomycin causes membrane curva-
ture changes.21,22 Instead, they found that daptomycin
selectively clusters to fluid membrane domains, dislocates
several peripheral membrane proteins, and consequently
triggers cell envelope stress. They also found daptomycin
inducing depolarization of the membrane potential, which also
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contributed to the delocalization of peripheral membrane
proteins.18

Clearly, basic studies of daptomycin’s interaction with lipid
bilayers are useful for understanding the causes of the
phenomena observed in the bacterial membranes. Müller et
al.18 proposed a working model largely based on molecular
interactions promoted by previous model membrane studies,
but so far, there has been little information about how
daptomycin structurally interacts with lipid bilayers and how
daptomycin perturbs lipid bilayer properties. If daptomycin
does not form ion channels, what is the nature of this ion
leakage? Müller et al.18 suggested that clustering to fluid lipids
by daptomycin likely causes hydrophobic mismatches between
fluid and more rigid membrane domains that can facilitate
proton leakage and explain the membrane depolarization. This
idea can be tested by model membrane studies.
Here we report several new experiments investigating the

interaction of daptomycin with lipid bilayers composed of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dio-
leoyl-sn-glycero-3-phospho(1′-rac-glycerol) (DOPG) or 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and
DOPG, including (1) measurement of daptomycin-induced
membrane area change and correlated ion leakage into
micropipet-aspirated giant unilamellar vesicles (GUVs), (2) a
test of the existence of ion channels by leakage of calcium ions
into large unilamellar vesicles (LUVs), (3) a test of vesicle−
vesicle transferability of daptomycin channels, and (4) the
effects of bilayer fluidity on the interaction with daptomycin.
All of our results are consistent with the observations by
Müller et al.18 on bacterial membranes, including the absence
of daptomycin ion channels. We observed a clear pattern of
insertion of daptomycin into the lipid bilayers of GUVs. Ion
leakage across the membrane occurs as the inserted
daptomycin concentration reaches a certain threshold in the
membrane. We also found that ion leakage occurs only
transiently. Daptomycin indeed preferentially binds to fluid
membranes, but it is unlikely that ion leakage is through the
boundaries of membrane domains.
Leakage of potassium ions from Staphylococcus aureus

induced by daptomycin (and independently by valinomycin)
was first demonstrated by Silverman et al.1 Zhang et al.17

compared the permeabilities to various ions through 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/1,2-dimyr-
istoyl-sn-glycero-3-phospho(1′-rac-glycerol) (DMPG) bilayers,
including PG dependence. Recently, Taylor et al.23 published
results suggesting that daptomycin induces ion permeability
only through the DMPC/DMPG bilayer but not through
DOPC/DOPG or phosphatidylcholine (POPC)/1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) bilayers. How-
ever, the same experimental method also showed no leakage of
K+ by valinomycin. Because valinomycin is a typical control for
a K+ leakage experiment (e.g., ref 1), the null result of
valinomycin poses a question about this latest result. Our ion
leakage experiments are designed to test specific features of
interactions of daptomycin with membranes. The previous ion
leakage experiments did not address the issues discussed in this
paper.

■ MATERIALS AND METHODS
Materials. Daptomycin was purchased from Selleckchem

(Munich, Germany; high-performance liquid chromatography
purity of 99.81%). DOPC, DOPG, DOPE, DMPC, DMPG,
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-liss-

amine rhodamine B sulfonyl (Rh-DOPE) were purchased
from Avanti Polar Lipids (Alabaster, AL). Calcium indicator
Fluo-4 was purchased from Life technologies (Grand Island,
NY). Gramicidin, valinomycin, ionomycin, calcium chloride
(>98.0%), and other reagents, all of the highest available
purity, were purchased from Sigma-Aldrich (St. Louis, MO).

Giant Unilamellar Vesicle (GUV) Experiment. GUV
experiments were performed in a setup described by Sun et
al.24 GUVs of a chosen lipid composition were produced by
the electroformation method25 in a solution containing 199
mM sucrose for the purpose of controlling the osmolality and 1
mM Tris at pH 7. The solution also contained 40 μM calcium
sensitive fluorescent dye Fluo-426 for the ion leak-in experi-
ment. Ten microliters of a GUV suspension was injected into a
control chamber that contained ∼190 mM glucose and 10 mM
Tris at pH 7. Sucrose is inside and glucose outside so that the
GUVs sink to the bottom for the ease of micropipet aspiration.
The osmolality of each solution used in the experiment was
measured by a Wescor model 5520 vapor pressure osmometer
(Wescor, Logan, UT) and was made the same as the
osmolality of the solution inside the vesicles so that the
vesicles were kept in equi-osmolality balance. A selected vesicle
(diameter of 20−50 μm) was aspirated at a low constant
negative pressure (which created a membrane tension of 0.5−1
dyn/cm) by a micropipet connected to a pressure control
system. [Before the experiment, micropipets (with inner
diameters of 9−13 μm) and the chamber walls were coated
with 1% bovine serum albumin to dissipate the charge on the
glass surface27 and then washed extensively with Milli-Q
deionized water.] The pressure control system was similar to
the setup described by Kuchnir Fygenson et al.28 The negative
pressure was produced by connecting the micropipet to a
syringe and was referenced to atmospheric pressure by a water-
filled U tube. The pressure was measured by an MKS
(Andover, MA) Baratron 223 pressure transducer with an
MKS 660 digital readout.
To observe the effect of daptomycin on GUVs, the aspirated

vesicle was transferred to an observation chamber that
contained the control solution plus daptomycin and calcium
ions. The observation chamber was set side by side with the
control chamber, separated by ∼0.5 cm. A transfer pipet (with
an inner diameter of 0.75 mm) filled with the control solution
was inserted into the control chamber through the observation
chamber from the opposite side of the aspiration micropipet
(details in ref 29). The aspiration pipet and the transfer pipet
were each held by a model MM-188 motor-driven micro-
manipulator (Narishige, East Meadow, NY). The vesicle
transfer was accomplished by inserting the aspirated vesicle
∼0.7 mm into the transfer pipet in the control chamber. When
the microscope stage was moved, the observation chamber was
translated to cover the position of the aspirated vesicle. Then
the transfer pipet was moved away, so that the vesicle was now
exposed to the observation chamber solution containing
daptomycin (marked as t = 0). The solution in the observation
chamber also had the same osmolality as the solution inside
the GUV initially. However, in time water evaporation
increased the osmolality of the solution in the chamber,28,29

which had a weak effect on the measurement of the increase in
the membrane area (see below). For this reason, a transfer
experiment is best limited to ∼5 min.29,30

In response to peptide binding, a GUV can change its
membrane area A at constant volume V. The aspirated
protrusion inside the micropipet serves as an amplifier for the
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measurement of such changes under a constant tension.31

From the microscopic images, Lp (the length of the
protrusion), Rp (the radius of the micropipet), and Rv (the
radius of the spherical part of the GUV) are carefully
measured. Then it is straightforward to show ΔA = 2πRpΔLp
+ 8πRvΔRv, and ΔV = πRp

2ΔLp + 4πRv
2ΔRv.

31 In general, the
changes in the spherical radius ΔRv are too small to be
measured accurately. However, if there is no molecular (other
than H2O) leakage, and the inside and outside of the GUV are
in iso-osmolality, there should be no change in volume. Under
the condition where ΔV = 0, ΔA is directly proportional to
ΔLp: ΔA = 2πRp(1 − Rp/Rv)ΔLp. In Figure 1, this formula was
used to translate ΔLp to ΔA. This relation gives important
information about the membrane area change (ΔA/A) due to
daptomycin binding before ion leakage occurs. After ion
leakage occurs, this relation is no longer valid because ΔV is no
longer zero, but in Figure 1, for the sake of the continuation of
data, we continued to use this formula for ΔA/A during ion
leakage, only to show the changes in Lp. The video image of
the experiment was recorded by a Nikon NS-5 MC camera.
Control experiments show that water evaporation in the

observation chamber produces a slow background increase in
protrusion length. This is because the osmolality imbalance
causes water efflux resulting in a small decrease in the GUV
volume. A ΔV of <0 and a ΔA of 0 produce a ΔLp of >0. This
causes a small error in the estimate of the membrane area
increase due to daptomycin binding.
Unilamellar Vesicles for the Ion Leakage Experiment

(LUV) and for Circular Dichroism (CD) Measurement
(SUV). Submicrometer-sized unilamellar liposomal vesicle
suspensions with a low polydispersity were prepared as follows.
Lipids with a chosen composition were dissolved in chloroform
and dried under a gentle nitrogen flow and, subsequently,
under vacuum for several hours to remove residual solvent. A
10 mM Tris buffer (pH 7.4) was added to the lipid dry film.
The dispersion was shaken for 10 min and placed in an

ultrasonic bath for 50 min. The suspension was frozen and
thawed between liquid nitrogen and 40 °C water six times. To
prepare for large unilamellar vesicles (LUVs), the suspension
was extruded 20 times through polycarbonate filters with a
pore size of 100 nm at 40 °C. The diameter of the vesicles was
estimated by dynamic light scattering (DLS) (Malvern
Zetasizer Nano S90) to be 80 ± 5 nm. To prepare for small
unilamellar vesicles (SUVs), the suspension was sonified for 40
min until the solution looked transparent. The diameter of the
SUVs was determined by DLS to be 40 ± 2 nm.

Calcium Ion Leak-In Experiment. DOPC/DOPG (7:3)
LUVs were produced in a 10 mM Tris buffer (pH 7.4)
containing 10 μM Fluo-426 to give an LUV suspension of 100
or 200 μM in lipid. LUVs encapsulating 10 μM Fluo-4 were
separated from the free dye in solution by running the
suspension through a 1.5 mL PD-10 column containing
Sephadex G-25 Medium twice with the Tris buffer as the
eluent.
The fluorescence intensity of Fluo-4 was monitored, using a

Jasco (Tokyo, Japan) FP-6000 spectrofluorometer, with an
excitation wavelength of 494 nm and an emission wavelength
of 518 nm at 25 °C. The background intensity was first
recorded for 120 s, and then a solution of CaCl2 was added and
the mixture observed for an additional 120 s before
daptomycin or ionomycin was added. The mixtures were
stirred (with a magnetic stirrer) constantly during the
measurement. The integrity of vesicles was monitored by DLS.

Potassium Ion Leak-Out Experiment. DOPC/DOPG
(7:3) LUVs were produced in a 10 mM Tris buffer (pH 7.4)
containing 1 mM KCl to give an LUV suspension of 1 or 1.5
mM in lipid. Potassium ion-containing LUVs were separated
from the free potassium ions in solution by running the
suspension through a 1.5 mL PD-10 column containing
Sephadex G-25 Medium twice with the Tris buffer as the
eluent. The electric potential proportional to the logarithm of
the potassium ion concentration in solution32 was monitored

Figure 1. GUV transfer experiments. The solution inside the GUVs is the same: 199 mM sucrose, 1 mM Tris-HCl (pH 7.0), and 40 μM Flou-4.
The common solution in the observation chamber consists of 187 mM glucose, 10 mM Tris-HCl (pH 7.4), and 1 mM CaCl2. (a) DOPE/DOPG
(3:7) GUV transferred to a solution containing 0.3 μM daptomycin. (b) DOPC/DOPG (7:3) GUV transferred to 1 μM daptomycin. (c) DOPC/
DOPG (7:3) GUV transferred to 0.2 μM ionomycin. From the GUV protrusion, the relative membrane area change was calculated (red data). The
same protrusion−area relation was used to indicate the change in protrusion length after the leakage occurred (gray data) (see Materials and
Methods). Green data are the relative change in the fluorescence intensity of Fluo-4 inside the GUV. Confocal images were recorded for ∼5 min. In
panels a and b, the three GUV images from left to right are after the transfer at t = 0, near the maximum area expansion, and after the fluorescence
intensity increase. The scale bar is 5 μm [movies for panels a and b in the Supporting Information (Movies 1a and 1b, respectively)]. In panel c, the
images are those before the transfer and immediately after the transfer. The first image after the transfer shows that, at t = 0, the protrusion length
already shrank to zero and the fluorescence intensity already increased, indicating that ionomycin leaked ions as soon as it bound to the membrane.
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using a World Precision Instruments (Sarasota, FL)
KWIKPOT-2 potassium ion selective electrode connected to
a HACH (Loveland, CO) sensION PH meter at 25 °C (see
the Supporting Information). The potential reading was
normalized to the maximum value when Triton X-100 was
introduced to lyse the LUVs. Note that daptomycin in Tris
buffer gave rise to a small potential reading (see Results and
Discussion).
Two types of experiments were performed. (1) The

background K+ potential of the LUV suspension was first
recorded for 600 s, and then a solution of daptomycin was
added and observed for an additional 600 s before CaCl2 was
added. (2) In another K+ leakage experiment, instead of
introducing molecular agents into the LUV suspension, we
introduced LUVs premixed with daptomycin, valinomycin, or
gramicidin. The LUVs premixed with daptomycin, valinomy-
cin, or gramicidin were produced the same way as normal
LUVs, except that the membrane-active molecules were mixed
with lipid in chloroform during LUV production. The
following molar ratios were used: 1:80 gramicidin:lipid, 1:80
valinomycin:lipid, and 1:10:5 daptomycin:lipid:Ca. Ca ions
were added to the daptomycin/LUV suspension. In all
experiments, the mixtures were stirred (with a magnetic
stirrer) constantly during the measurement.
Circular Dichroism. CD spectra were recorded in a Jasco

J-815 spectropolarimeter with 4 μM daptomycin in a 10 mm
cuvette. All samples were in 10 mM Tris buffer (pH 7.4). Lipid
mixtures were in the form of SUVs (instead of LUVs to avoid
light scattering). Samples were thoroughly mixed before
measurement. Each CD spectrum was measured from 280 to
200 nm, and each sample was measured twice to make sure
there was no change in the spectrum with time. We found that
some mixtures took up to 20 min to reach equilibrium after
mixing. For details, see ref 33.

■ RESULTS AND DISCUSSION
The lipid compositions of Gram-positive bacteria are
dominated by PE and PG.34 However, the physical states of
PE and PG mixtures at room temperature are not planar
bilayers, unless PE is a minority, because the spontaneous
curvature of PE is strongly negative whereas the curvature of
the outer leaflet of a vesicle is positive. Hence, we chose 3:7
DOPE/DOPG mixtures as a model membrane. As we will
show below, the responses of 3:7 DOPE/DOPG GUVs and
7:3 DOPC/DOPG GUVs to daptomycin are similar. The
molecular states of daptomycin bound to membranes are also
the same in PE/PG and PC/PG GUVs, as measured by CD
(Figure S1). For the sake of the ease of the experiment (e.g.,
the production of GUVs from PC and PG is better than from
PE and PG, and we are also concerned about the quality of
small vesicles made of PE and PG, which is difficult to detect),
we have chosen to use PC/PG mixtures for the majority of
experiments. For the studies investigating the interaction of
daptomycin with fluid phase versus rigid phases, we used
DOPC/DOPG/cholesterol mixtures and DMPC/DMPG
mixtures. The DMPC/DMPG mixture was chosen because
of its gel phase property below room temperature.35

Earlier vesicle experiments36,37 with daptomycin and calcium
ions found vesicle aggregation or fusion occurred at high
concentrations of daptomycin and Ca2+. In fact, both fusion
and aggregation of vesicles can occur because of the presence
of Ca2+ alone, and the occurrence of fusion also depends on
the vesicle concentration.38 Therefore, a careful choice of lipid,

daptomycin, and Ca concentrations is essential. We found that
constant stirring of the suspension helped to homogenize the
mixture (shorten the equilibration time33) and perhaps prevent
clustering of vesicles. We have examined the vesicles by DLS
under the conditions of our ion leakage experiments (Figure
S2) to make sure that our results are not affected by vesicle
aggregation or fusion.

Response of Aspirated GUVs to Daptomycin and
Ionomycin. The 3:7 DOPE/DOPG and 7:3 DOPC/DOPG
GUVs were used to perform the transfer experiment to a
chamber containing daptomycin and calcium ions. All GUVs
included 1% Rh-DOPE to make the contour of the GUV clear
under fluorescence inspection. The solution inside the GUVs is
the same: 199 mM sucrose, 1 mM Tris-HCl (pH 7.0), and 40
μM Flou-4. The common solution in the observation chamber
consists of 187 mM glucose, 10 mM Tris-HCl (pH 7.4), and 1
mM CaCl2. The reason for including sucrose and glucose is
explained in Materials and Methods. We chose a calcium
concentration of 1 mM, which is close to the concentration in
human serum.3 Daptomycin concentrations in the range of the
minimum inhibitory concentrations (MICs), which are in low
micromoles per liter, were chosen.3,39 Panels a−c of Figure 1
show the results of an aspirated 3:7 DOPE/DOPG GUV
transferred to a solution containing 0.3 μM daptomycin, a 7:3
DOPC/DOPG GUV transferred to 1 μM daptomycin, and a
7:3 DOPC/DOPG GUV transferred to 0.2 μM ionomycin,
respectively. The concentrations of daptomycin and ionomycin
were adjusted so that the ion leakage occurred within 5 min.
The response of the 3:7 PE/PG mixture to 0.3 μM daptomycin
is similar to the response of the 7:3 PC/PG mixture to 1 μM
daptomycin. The difference in daptomycin concentration
could be due to the difference in the PG ratio; i.e., a higher
PG ratio (3:7 PE/PG) requires a lower daptomycin
concentration (0.3 μM). As mentioned in Materials and
Methods, water evaporation slowly increased the osmolality of
the chamber solution relative to the GUV interior. The
resulting water efflux would increase the GUV protrusion.29

Control experiments (Figure S3) show that the background
increase in the protrusion length is much smaller than the
changes caused by daptomycin within 5 min. Also shown in
Figure S3 is the effect of photobleaching of calcium-activated
Fluo-4 fluorescence.
At the moment of transfer (t = 0), the inside and outside of

the GUVs had the same osmolality. The subsequent increase in
the GUV membrane area in the absence of ion leakage
indicates the binding of daptomycin to the lipid bilayer. It is
important to note that the membrane binding of daptomycin
continued for a period of time without causing ion leakage.
Once calcium ions leak-in had occurred, as indicated by the
increase in the fluorescence intensity of Fluo-4 inside the
GUV, the protrusion length began to decrease. This is because
the inside osmolality increased due to the influx of calcium
ions that in turn caused water influx and the GUV volume
increase. The relatively rapid volume increase with an
approximately constant membrane area will cause the
protrusion length decrease.29 (In Figure 1, the protrusion
length decrease is expressed as the membrane area decrease as
explained in Materials and Methods.) The responses seen in
panels a and b of Figure 1 are to be compared with the
response to ionomycin (Figure 1c). Ionomycin is a well-known
ionophore or ion carrier that is capable of transferring calcium
ions between two sides of the membrane.40 In this case, as
soon as the GUV was transferred, the first (t = 0) image
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showed that the Fluo-4 fluorescence intensity had already
increased and the protrusion length had already decreased to a
minimum. Ion leakage occurred as soon as the GUV was
exposed to ionomycin.
The response of DOPC/DOPG GUVs to daptomycin has

been investigated extensively without an ion leakage indicator
in a previous paper.41 The responses observed in panels a and
b of Figure 1 are the same as the previous observation. In the
prior study,41 we discovered the lipid extraction effect that was
correlated with the GUV protrusion length decrease. For this
reason, lipid extraction was thought to be the reason for the
membrane area decrease (at that time, we did not know it was
correlated with ion leakage). We now believe that this is an
incorrect explanation even if lipid extraction contributes to the
membrane area decrease. We believe that the correct
explanation for the protrusion length decrease is the ion
leak-in that increases the osmolality of the GUV interior as
explained above. It is instructive to compare Movies 1a and 1b
with the response of GUV to melittin30 (reproduced in the
Supporting Information for the sake of convenience). Both
daptomycin and melittin initially bind to the membrane and
expand the membrane area with no change in the GUV
interior. Then when the bound peptide:lipid ratio reaches a
threshold, leakage occurs. In the case of melittin, pores were
formed in the GUV membrane that leaked the dye molecules
initially encapsulated inside.30 Here daptomycin causes leak-in
of calcium ions but no leak-out of Fluo-4 molecules. In our
previous study, we showed that daptomycin did not cause leak-
out of encapsulated dye molecules of Texas Red sulfonyl
chloride.41

The confocal images shown in Figure 1 and and movies in
the Supporting Information did not show the lipid extraction
effect that is clearly seen in epifluorescent images in ref 41 and
Figure 6. Interestingly, while the lipid extraction was seen in
every run with DOPC/DOPG GUVs, it was absent for the
DOPE/DOPG GUVs. We do not know if lipid extraction was
absent in the case of DOPE/DOPG GUVs or if the lipid
extractions were too small to be visible with a microscope. For
example, the peptide/lipid aggregates induced by penetratin
are visible in charged lipids but not in neutral lipids, even

though there is evidence from X-ray diffraction that
penetratin/lipid aggregates occurred in both cases.42,43

Recently, Kreutzberger et al.44 observed co-aggregation of
daptomycin and fluorescent lipid TopFluor-PS in POPC/
POPG bilayers. In their confocal images, the aggregates look
similar to the peptide/lipid aggregates seen in the lipid
extraction phenomena.41 However, the authors44 believed that
the aggregates represented clustering domains of daptomycin
with POPG in the membrane.

Transient Nature of Ca2+ Leak-In Induced by
Daptomycin. The Ca2+ leak-in experiments were performed
using 0.1 μm large unilamellar vesicles (LUVs) encapsulating
calcium indicator Fluo-4.26 The Fluo-4 fluorescence intensity
of the LUV suspension would increase if Ca2+ in the solution
leaked across the membrane into the LUVs, as seen in the
GUV interior described in Figure 1. We compared the effect of
daptomycin with that of ionomycin.
In all the Ca2+ leak-in experiments, time zero is the

beginning of the fluorescence intensity measurement of an
LUV suspension. In Figure 2a, we first added 1 mM Ca2+ to
the LUV suspension, followed by 2 μM ionomycin. The
leakage of Ca2+ across the LUV membranes caused an increase
in fluorescence intensity from 90 to ∼290 counts. In the next
run, we introduced 50 μM Ca2+ followed by 2 μM ionomycin.
As expected, the fluorescence intensity increase was smaller
than in the previous run, but then at ∼500 s, we added another
calcium solution to make the total external Ca2+ concentration
1 mM. This further calcium ion influx increased the
fluorescence intensity to the level reached by the first run. In
both runs, 2 μL of a 10% (w/v) Triton X-100 solution was
added at 1500 s to break up the vesicles. This experiment
showed that ionomycin is functioning in the membrane as an
ion carrier, exactly as expected.
The effect of daptomycin is much weaker than that of

ionomycin. Thus, in Figure 2b, the fluorescence intensity was
amplified ∼5-fold compared with that in Figure 2a (note the
difference in the background intensities). We started
daptomycin experiments first with 2 mM Ca2+ followed by
15 μM daptomycin (Figure 2b). In the next two runs, we
added 1 mM Ca2+ followed by 15 μM daptomycin. Afterward,
at various times, calcium solutions were added first to a total

Figure 2. Calcium ion leak-in experiment. The samples were (a and b) 200 μM or (c) 100 μM DOPC/DOPG (7:3) LUVs encapsulating 10 μM
Fluo-4. The subsequent actions are indicated within the figure, while the fluorescence intensity of Fluo-4 was continually monitored. Finally, 2 μL
of a 10% (w/v) Triton X-100 solution was added at 1500 s to break up the vesicles. (Note that the levels of fluorescence intensity amplification
were different for panels a−c.) (a) Effect of ionomycin. For the black trace, first 1000 μM Ca2+ was added followed by addition of 2 μM ionomycin.
For the red trace, 50 μM Ca2+, then 2 μM ionomycin, and then 950 μM Ca2+ were added. (b) Effect of daptomycin. For the black trace, 2000 μM
Ca2+ and then 15 μM daptomycin were added. For the red trace, 1000 μM Ca2+, then 15 μM daptomycin, and then 500 μM Ca2+ (twice) were
added. The blue is a repeat of the red trace. (c) Comparison of daptomycin with ionomycin. For the black trace, 1000 μM Ca2+ and then 2 μM
ionomycin were added. For the red trace, 2000 μM Ca2+ and then 5 μM daptomycin were added. For the blue trace, 1000 μM Ca2+, then 5 μM
daptomycin, then 1000 μM Ca2+, and then 5 μM daptomycin were added.
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concentration of 1.5 mM and subsequently to a total Ca2+

concentration of 2 mM. Contrary to the case of ionomycin, no
fluorescence intensity increase occurred when additional Ca2+

was added. Again at 1500 s, Triton X-100 was added to break
up the vesicles. (Note that in this setting of fluorescence
intensity, the addition of Triton X-100 oversaturated the
maximum intensity scale of the instrument.) This experiment
showed that daptomycin induced ion leakage shortly after
being introduced into the LUV suspension, but it ceased to
cause ion leakage afterward, in contrast to ionomycin, which
transferred the ions any time additional extravesicular Ca2+ was
added.
In Figure 2c, we adjusted the fluorescence intensity

amplification setting so that the effects of both ionomycin
and daptomycin could be compared. For daptomycin, we had
two runs: one with 1 mM Ca2+ and another with 2 mM Ca2+,
both followed by 5 μM daptomycin. As in Figure 2b, the
suspension with an initial Ca2+ concentration of 1 mM was
later added to 2 mM Ca2+ without any fluorescence increase
being noticeable. However, when we subsequently added
aadditional 5 μM daptomycin, additional ion leakage and a
fluorescence increase occurred, consistent with the observation
in Figure 2b that daptomycin caused ion leakage only
immediately after it was introduced into the suspension. We
have repeated all of these leakage experiments multiple times.
The results were reproducible without exception. For a
quantitative comparison of the leakage activities by daptomy-
cin and ionomycin, we show that leakage with 15 μM
daptomycin is comparable to the leakage with 0.01 μM
ionomycin (Figure 3 and Figure S4). The ion leakage effect of

daptomycin is 1500 times weaker than that of ionomycin.
Additionally, as a control, we show that daptomycin causes
Ca2+ leak-in only in membranes containing PG (Figure S5).
Test of Vesicle−Vesicle Transferability of Daptomy-

cin Channels by K+ Leak-Out. In the control experiment for
leakage of K+ from LUVs (Figure 4a), the background K+

potential (Figure S6) of the suspension of K+-encapsulating
LUVs was first recorded for 600 s. Then a solution of
daptomycin without Ca2+ was added to the suspension, and the

suspension observed for another 600 s. Note that daptomycin
in a K+ free solution gives rise to a potential reading (see
Figure S7). This background was removed from Figure 4a,
where time zero is when the daptomycin was added. We then
added CaCl2 to the LUV suspension that activated the reaction
of daptomycin with the LUV membranes causing leakage of K+

from the LUVs.
In the second K+ experiment (Figure 4b), we made use of

the known experimental fact of vesicle−vesicle exchange of
molecules in a vesicle suspension.45−47 We prepared two sets
of LUVs. In one set, we mixed gramicidin, valinomycin, or
daptomycin separately in the lipid mixtures for the formation
of gramicidin LUVs, valinomycin LUVs, or daptomycin-LUVs,
respectively, in 1:80 gramicidin:lipid, 1:80 valinomycin:lipid,
and 1:10:5 daptomycin:lipid:Ca molar ratios. In another set,
we prepared K+-encapsulating LUVs. K+ ions outside the LUVs
were removed. Then each of the first set of LUVs was
introduced into a suspension of K+-encapsulating LUVs, and
the K+ potential was recorded. The result is shown in Figure
4b. The ion channel gramicidin and ion carrier valinomycin
were transferred to the K+-encapsulating LUVs and caused
leakage of K+; on the contrary, daptomycin did not cause
leakage of K+.

Gel Phase versus Fluid Phase and the Effect of
Cholesterol. It has recently been demonstrated33 that the
system consisting of three components, i.e., daptomycin,
calcium ions, and PG-containing membranes, as a function
of their concentrations, exhibits only two basis CD spectra.
The state of monomeric daptomycin in the absence of one or
two other components has a unique CD spectrum called the A
state. This is the nonbinding state of daptomycin. Daptomycin
with excessive calcium and PG has another distinct CD
spectrum called the B state. This is the membrane-bound state
of daptomycin. Under all other conditions, the CD of the
system is a linear combination of A and B (Figure S1).
Furthermore, we have established the stoichiometric dapto-
mycin:Ca2+:PG ratios in the B state to be 2:3:2, assuming only
the PGs in the outer layer of vesicles are available for
reaction.33 (The ratios would be 2:3:4 if all PGs in the vesicles
are available for reaction.33)
In the gel phase experiment, 7:3 DMPC/DMPG SUVs were

produced and kept at 20 °C in the gel phase.35 First,
daptomycin was added to a final concentration of 4 μM and
measured for the A spectrum (Figure 5). Next, CaCl2 was
added to make a suspension of 4 μM daptomycin, 80 μM
DMPC/DMPG, and 100 μM Ca2+ to measure the gel phase
spectrum at 20 °C (Figure 5). The result was 35% A and 65%
B. The sample was then warmed and measured at 24, 28, 32,
and 36 °C. At each change in temperature (say, at t = 0 min),
the CD measurement was taken at 10 min and again at 20 min.
In each case, the CD change occurred within 10 min. The
repeat measurement at 20 min showed no further change in
CD. The spectrum gradually changed with temperature to
100% B. Subsequently, the CD was measured as the
temperature was decreased to 20 °C. The CD remained
constant at 100% B as the temperature was decreased. It is
important to note that the daptomycin spectra A and B
measured with DMPC and DMPG (Figure 5) or with DOPE
and DOPG (Figure S1) are quite similar to the spectra
measured with DOPC and DOPG33 (Figure S1), implying that
the bound state of daptomycin is relatively insensitive to the
lipid species.

Figure 3. Quantitative comparison of the effects of daptomycin and
ionomycin. All samples were 200 μM LUVs (of 7:3 DOPC/DOPG)
encapsulating 10 μM Fluo-4. The effect of 15 μM daptomycin (with 2
mM Ca2+) is comparable to the effect of 0.01 μM ionomycin (with 1
mM Ca2+). The slow increase in ion leakage caused by 0.01 μM
ionomycin is confirmed by the concentration dependence shown in
Figure S4.
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It is clear that the initial gel phase exhibits resistance (or
partial resistance) to daptomycin binding; only 65% of the
total, available daptomycin molecules were bound. But once
the bilayers were warmed to a sufficiently high temperature to
become a fluid phase, the binding became 100%. The
persistence of the 100% B state when the temperature was
decreased to 20 °C has no obvious explanation. It is possible
that the state of DMPC and DMPG with the bound
daptomycin is no longer in the gel phase at 20 °C.
In the next experiment, we tested the effect of cholesterol on

the daptomycin binding reaction (Figure 6). We performed the
same transfer experiment as described in Figure 1b with
aspirated DOPC/DOPG/cholesterol GUVs at ratios of 7:3:0,
6:3:1, and 4:3:3 to observe the cholesterol effect (note that the

daptomycin:PG ratio is the same in all cases). The addition of
cholesterol has two effects. First, we found that the speed of
GUV membrane area expansion decreased with the inclusion
of cholesterol, implying a slowdown of the daptomycin binding
reaction with the lipid bilayer. Second, the amount of lipid
extraction also decreased with an increasing content of
cholesterol. In fact, lipid extraction was not visible with 30%
cholesterol added to the GUVs (Figure 6).

■ SUMMARY

Our experimental results with model membranes are consistent
with the two major observations of bacterial membranes
described by Müller et al.18

1. Daptomycin Binding Varies with the Fluidity of
Lipid Bilayers. In the bacterial study, daptomycin was found
to preferentially bind to fluid membrane domains. We found
that the binding ratio of daptomycin to the fluid phase of the
DMPC/DMPG mixture at 36 °C versus the gel phase at 20 °C
is 100:65. Inclusion of cholesterol is known to have a
condensing effect48 that rigidifies or stiffens49 the lipid bilayers.
We found that the rate of binding of daptomycin to membrane
is decreased in proportion to the content of cholesterol
included in the lipid bilayer. This could be a protective factor
for the eukaryotic cells against the attack of daptomycin,
because sterols are present only in eukaryotic cell membranes.

2. Daptomycin Induces Ion Leakage but Does Not
Form Ion Channels. Müller et al.18 found daptomycin
capable of inducing depolarization of the membrane potential.
They argue against the existence of daptomycin ion channels
based on their findings that the effect of daptomycin is
extremely weak compared with the effect of standard ion
channels or ionophores such as gramicidin or valinomycin.
Gramicidin is a well-characterized monovalent cationic ion
channel.50 Valinomycin51 is a well-characterized K+ carrier
similar to the Ca2+ carrier ionomycin.40

Ion leakage caused by daptomycin for various species of ions
has been demonstrated previously.1,17,23 Here we studied the
nature of this ion leakage effect with three different
experiments: calcium ion leak-in to GUVs (Figure 1), calcium
ion leak-in to LUVs (Figure 2), and potassium ion leak-out
from LUVs (Figure 4).

Figure 4. Potassium ion leakage experiments were performed with K+-encapsulating 1 mM DOPC/DOPG (7:3) LUVs. (a) Daptomycin alone in
Tris buffer gave rise to a small potential reading (Figure S7). This background was removed from the leakage data. The leakage of K+ from the
LUVs caused by daptomycin was activated by the addition of Ca2+. (b) Gramicidin, valinomycin, and daptomycin were each mixed into the
DOPC/DOPG lipid mixture to form gramicidin LUVs, valinomycin LUVs, and daptomycin LUVs, respectively. (CaCl2 was added to daptomycin
LUVs.) These peptide LUVs were each separately added to a suspension of DOPC/DOPG LUVs encapsulating 1 mM KCl. Potassium ion leakage
was seen in the case of gramicidin LUVs and valinomycin LUVs but not in the case of daptomycin LUVs.

Figure 5. Binding of daptomycin to gel phase lipid bilayers. DMPC/
DMPG (7:3) vesicles (at a lipid concentration of 80 μM) were kept at
20 °C. First, 4 μM daptomycin was added for the measurement of the
A spectrum. Then 4 μM daptomycin and 100 μM CaCl2 were added
to measure the CD that showed 35% A and 65% B. Then the
temperature was increased stepwise to 36 °C (solid color lines), as the
percent of B increased to 100%. The CD was measured 10 and 20 min
after each change in temperature. In each case, the change in CD
occurred within 10 min. No further change in CD was found between
the two measurements. The temperature was then decreased to 20 °C
(dashed color lines). The spectrum did not change when the
temperature was decreased.
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First, we showed that the ion leakage effect of daptomycin is
3 orders of magnitude weaker than that of ionomycin (Figure
3), consistent with the finding of Müller et al. that daptomycin
is a weak ion leaker.
In addition, we showed that daptomycin induces only

transient ion leakage. In the LUV experiment (Figure 2),
daptomycin causes ion leakage only when the molecules are
introduced into the vesicle suspension for the first time.
Afterward, they cease to induce ion leakage. This unique
property of daptomycin is most clearly demonstrated via a
comparison with ionomycin. Once ionomycin molecules enter
a membrane and form ion carriers, these carriers transmit ions
every time additional calcium ions are added to the solution.
This is not the case for daptomycin. Daptomycin appears to
cause transient ion leakage only at the initial contact with
membranes in the presence of sufficient Ca2+. After the
transient effect, they have no further ion leakage effect, even if
additional Ca2+ is added.
In the potassium ion leak-out experiments, we compared

daptomycin with gramicidin ion channels and valinomycin ion
carriers (Figure 4). We first mixed daptomycin, gramicidin, and
valiomycin each into PC/PG lipid vesicles; these vesicles
contained no K+ ions. We then mixed each type of vesicle with
K+-encapsulating vesicles that contained no daptomycin,
gramicidin, or valinomycin. Our experiment showed that
both gramicidin and valinomycin can be transferred from no-
K+ vesicles to K+-encapsulating vesicles and subsequently cause
leakage of ions from the K+-encapsulating vesicles. This is
consistent with the known experimental finding45−47,52 that
there is a vesicle−vesicle exchange of molecules in a vesicle
suspension. Thus, we expect daptomycin complexes to be
transferred between vesicles. However, our results show that
the transferred daptomycin did not cause ion leakage (Figure
4). Thus, if there are daptomycin complexes within lipid
bilayers, they do not function as ion channels.
Perhaps the transient nature can explain why the overall ion

leakage effect of daptomycin is weak as detected by Müller et
al.18 and as measured in Figure 3. It can also explain the
nontransferability as demonstrated in the experiment depicted

in Figure 4. Neither the idea of ion channels17,53−55 nor the
idea of leakage through the membrane domain boundary18 can
explain the transient nature. The only other transient
phenomenon that has been observed so far is the lipid
extraction effect reported previously.41 That is why it was
suggested that perhaps lipid extraction creates transient defects
in membrane that cause ion leakage.41

3. Threshold of Daptomycin Concentration in the
Membrane for Ion Leakage. Müller et al.18 suggested the
delocalization of peripheral membrane proteins caused by
daptomycin as the primary antibacterial mechanism, although
they also detected depolarization of membrane potential that
could also contribute to protein delocalization. Depolarization
by itself could cause also cell death.1 Here we discuss the
implications of our results on ion leakage induced by
daptomycin.
Comparison of the results presented in panels a and b of

Figure 1 with those in panel c of Figure 1 implies that there
was a threshold of daytomycin concentration in the membrane,
below which daptomycin did not cause ion leakage. For
example, in panels a and b of Figure 1, the membrane area
increased to ∼3.5% before the occurrence of ion leakage,
implying a threshold of the bound daptomycin:lipid ratio of
∼1:100 (see the ballpark estimate in the Supporting
Information). A counter example of no concentration thresh-
old is ionomycin. The initial response of GUVs to daptomycin
is similar to the initial response to melittin;30 compare Movie
1a and Movie 1b with Movie melittin. In the latter case, there
is a more precisely measured melittin:lipid threshold of 1:45
before pore formation occurs,56 and the melittin threshold has
been correlated to the change in the orientation of the helical
peptide from parallel to the membrane to perpendicular to the
membrane.30,56 In comparison, it has been difficult to
investigate the molecular state of daptomycin bound in the
membrane. There is clear evidence of daptomycin oligomeriza-
tion or clustering in the membrane provided by fluorescence
resonance energy transfer (FRET).53,57,58 Co-clustering of
daptomycin with PG was inferred from fluorescence imaging,
which also showed that the clustering or daptomycin did not

Figure 6. Effect of cholesterol on the daptomycin binding reaction. The same transfer experiment was performed as described in Figure 1b with
DOPC/DOPG/cholesterol GUVs at ratios of 7:3:0, 6:3:1, and 4:3:3 in a solution containing 1 μM daptomycin and 1 mM CaCl2. The GUV area
first increased and then decreased as shown in Figure 1b. Here, only the increases in membrane area are shown for comparison. Three rows of
epifluorescent images are shown from top to bottom in order of increasing cholesterol content. At left are the images at t = 0. At right are images
during the protrusion length decrease when the lipid extraction effect occurred. Arrows indicate daptomycin/lipid aggregates (lipid extraction);41

none was found for the GUV with 30% cholesterol. The right panel shows the rate of the initial area expansion of the GUVs. The rate decreases
with an increase in cholesterol content. The mean and the standard deviation of the mean are obtained from multiple measurements. The scale bar
is 10 μm.
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transmit through the membrane.44 There are hypotheses for
the oligomerization sizes,19,53 but so far, these hypotheses are
not based on experimental methods that are capable of
measuring the sizes. The idea of daptomycin ion chan-
nels17,53−55 was also largely based on the detection of FRET,
but it contradicts the experimental evidence presented by
Müller et al.18 and that presented here.
Of particular significance is the combination of these two

features, i.e., differential bindings to different fluidities of
membrane and the existence of a concentration threshold of
bound daptomycin for ion leakage. In the absence of a
threshold, a weak binding can still achieve the effect of ion
leakage as demonstrated by a very low concentration of
ionomycin in Figure 3. In our prior study, we have shown that
there is a minimum solution concentration of daptomycin
below which GUV protrusion length would increase to a
maximum level but would not decrease, indicating no ion
leakage.41

Lastly, there is a suggestion by Taylor et al.59 that two
successive calcium-dependent transitions mediate membrane
binding and oligomerization of daptomycin. This would be an
attractive idea for explaining the concentration threshold or the
transient nature of leakage if it were proven by experiment, and
it was adopted in the working model by Müller et al.18

However, this “sequential two-site model”59 was based on an
isothermal titration calorimetry (ITC) measurement. ITC
measures the heat of reaction. It is ideal for measuring, for
example, the binding of the neutral peptide to bilayers, because
in this case the heat of reaction per peptide is constant. For
charged peptides, the heat of reaction would change with the
degree of binding; therefore, the binding isotherm of charged
peptides to membrane is model-dependent, i.e., with no
definitive conclusion. This was explained in great detail by
Seelig.60 Daptomycin binding is even more complicated. It
involves many types of possible bindings among daptomycin,
Ca2+, and PG-containing lipid bilayers. Taylor et al.59

performed a single titration of CaCl2 into a suspension of
daptomycin and lipid vesicles, and from model fitting, they
concluded with the sequential two-site model. It is safe to say it
is impossible to single out one model from many other
possibilities on the basis of one heat of reaction measurement.
We believe that the crucial missing information for under-
standing daptomycin can be obtained only by probing the
structure and distribution of daptomycin in membranes.
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Fig. S1.  Left, CD spectra of daptomycin in a suspension of DOPE/DOPG 3:7 vesicles with 
various Ca2+ concentrations.  Right, CD spectra of daptomycin in a suspension of DOPC/DOPG 
7:3 vesicles reproduced from 1 for comparison.  In both cases, there are only two basis spectra:  
the A spectrum with no Ca2+, and the B spectrum at the highest Ca2+ concentration indicated in 
the box.  At any other condition, the spectrum is a linear combination of A and B. 
 
 
MOVIES for Fig. 1a, 1b and melittin (reproduced from ref 2) 
 

            
 
Movie 1a: DOPE/DOPG 3:7 GUV, 0.3 µM daptomycin 
 
Movie 1b: DOPC/DOPG 7:3 GUV, 1 µM daptomycin 
 
Movie melittin: DOPC/DOPG 7:3 GUV, 2 µM FITC-melittin (from ref. 2) 
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Fig. S2  Average radius of DOPC/DOPG 7:3 vesicles measured by dynamic light scattering. 
(LUVs were produced by extruding through polycarbonate filters of pore size 100 nm.)  Each 
condition was allowed to equilibrate for 20 mins under constant stirring.  (1) For Ca2+ leak-in 
experiments, the concentrations of daptomycin were less than 20 µM and the highest lipid 
concentration was 200 µM.  There is no aggregation or fusion of vesicles at or below Ca2+ 
concentration 1 mM.  (2)  For K+ leak-out experiment, the highest concentration of daptomycin 
was 200 µM, lipid 1000 µM.  There is no aggregation or fusion of vesicles at or below Ca2+ 
concentration 500 µM.   The mean and the standard deviation of the mean are obtained from 
multiple measurements.  



S3 
 

 

 
 
Fig. S3.  Control experiments.  (Left) Background membrane area change due to water 
evaporation from the observation chamber, as calculated by the GUV protrusion length increase 
(see Method).  GUVs were made of DOPE/DOPG 3:7.  The same control experiments were 
performed for DOPC/DOPG 7:3 in ref 3.  Both inside and outside of the GUV contained the 
same control solution.  Control experiments were also performed by including either daptomycin 
or calcium ions in the chamber, but not both.  The results were similar.  (Right) Photobleaching 
of calcium activated Fluo-4 fluorescence intensity.  GUVs encapsulated 199 mM sucrose, 1 mM 
Tris-HCl (pH 7.0), 40 uM Flou-4 and 20 µM CaCl2.  The chamber solution was 190 mM glucose 
and 10 mM Tris-HCl (pH=7.4).  The mean and the standard deviation of the mean are obtained 
from multiple measurements. 
 
 
 

 
Fig. S4  Kinetic slow-down (decreasing slope of increase) of ion leakage by ionomycin at very 
low concentrations (≲ 0.1 µM) is consistent with ionomycin being an ion carrier embedded in 
the membrane.  The ion transport by ion carriers involves diffusion of the carriers inside the 
membrane. 
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Fig. S5  Daptomycin permeabilizes only lipid bilayers containing PG.  Here the samples were 
LUVs of DOPC encapsulated 10 µM Fluo-4.  These samples had residual Fluo-4 in the outside 
solution.  When Ca2+ was added (before ionomycin or daptomycin), the fluorescence intensity 
increased slightly due to the residual Fluo-4 outside the LUVs.  The addition of ionomycin 
caused Ca2+ leak-in to the LUVs, same as in Fig. 2a where DOPC/DOPG was used.  However, 
the addition of daptomycin did not cause ion leak-in to the DOPC vesicles, in contrast to Fig. 2b 
where DOPC/DOPG was used.  Daptomycin has a higher binding affinity to Ca2+ than does 
Fluo-4, hence the fluorescence intensity of Fluo-4 outside the vesicles decreased when 
daptomycin was added.  It appears that the calcium bound to Fluo-4 was taken by daptomycin. 
 
 
 
 

 
 

Fig. S6  Electric potential is proportional to the logarithm of K+ concentration.  Black: KCl in 10 
mM Tris buffer.  Red: KCl in 10 mM Tris buffer and 0.5 mM DOPC/DOPG 7:3 LUV. 
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Fig. S7  Daptomycin produces a potassium ion potential in the absence of K+.  This is treated as 
a background to be removed.  The data in Fig 4a are after this background subtraction. 
 
 
Estimate of the threshold concentration of bound daptomycin in lipid bilayer 
1) Assuming the radius of GUV is 25 𝜇𝜇, its membrane area is 78 × 1010Å2 which contains 

about 1.3 × 1010 lipid molecules in each leaflet of the bilayer.   
2) 3.5% increase of the membrane area is 2.7 × 1010Å2.  
3) Daptomycin MW is 1620, its molecular volume is ~2700 Å3, molecular area ~200 Å2. 
4) Assuming that the membrane area increase is due to the inclusion of daptomycin.  Then there 

are 1.4 × 108 daptomycin molecules in each leaflet of the bilayer. 
5) Thus the bound daptomycin to lipid ratio is 1.4 × 108/1.3 × 1010~1/100.   This estimate 

could be wrong by a factor as much as ~2, because the molecular area of an inserted 
daptomycin is difficult to estimate (see ref. 4). 
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