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Rhombohedral trap for studying molecular
oligomerization in membranes: application
to daptomycin†

Ming-Tao Lee,ab Wei-Chin Hungc and Huey W. Huang *d

A persistent problem in the studies of membrane-active peptides, including antimicrobial peptides and

pathogenic amyloidal peptides, is the lack of methods for investigating their molecular configurations

in membranes. These peptides spontaneously bind to membranes from solutions, and often form

oligomers that induce changes of membrane permeability. For antimicrobials, such actions appear to

relate to the antimicrobial mechanisms, but for amyloidal peptides, the oligomerization has been linked

to neurodegenerative diseases. In many cases, no further understanding of such oligomerization has

been achieved due to the lack of structural information. In this article, we will demonstrate a method of

trapping such peptide oligomers in a rhombohedral (R) phase of lipid so that the oligomers can be

subjected to 3D diffraction analysis. The conditions for forming the R phase and the electron density

distribution in the rhombohedral unit cell provide information about peptide–lipid interactions and the

molecular size of the trapped oligomer. Such information cannot be obtained from membranes in the

planar configuration. For illustration, we apply this method to daptomycin, an FDA-approved antibiotic

that attacks membranes containing phosphatidylglycerol, in the presence of calcium ions. We have successfully

used the brominated phosphatidylglycerol to perform bromine-atom anomalous diffraction in the

rhombohedral phase containing daptomycin and calcium ions. The preliminary results apparently exhibit

diffraction data related to daptomycin oligomers. We believe that this method will also be applicable to

the difficult problems related to amyloidal peptides, such as amyloid beta of Alzheimer’s disease.

Introduction

The difficulty of studying the structures of protein oligomers
embedded in membranes is well known. In many such problems,
even the size of the oligomers, or whether there is any regularity of
oligomerization, is unknown. Yet, there are many known cases of
peptide oligomerization in microbial membranes that is directly
correlated to the peptide’s antimicrobial actions. There are also
cases of protein oligomerization in mammalian cell membranes
that is correlated to diseases or toxicity. The lack of methods for
analyzing protein oligomerization in membranes has been the
bottleneck for many important problems in protein–membrane
interactions. Here, we will describe a novel method for probing
the oligomers that are spontaneously formed by various membrane-
active peptides. We have in the recent past successfully

reconstructed the electron density structures of the barrel-stave
pore and toroidal pore in membranes induced by alamethicin1

and melittin,2,3 respectively. We will now extend this method to
different types of oligomers.

The membrane pores formed by alamethicin or melittin
were trapped in the unit cells of the rhombohedral (R) phase
of brominated lipid. That made it possible to analyze their
structures by anomalous X-ray diffraction. We have found that
membranes containing peptide oligomers can be transformed
into the R phase by osmotic stress. By trapping the peptide
oligomers in the rhombohedral unit cells of lipid, we can
subject the oligomers to X-ray diffraction analysis, both in the
vertical (to membrane) direction and also in the horizontal
direction—we call this method the rhombohedral trap for
oligomers.

Oligomer problems are associated with some FDA (the U.S.
Food and Drug Administration)-approved membrane-active
antibiotics on the one hand and amyloidal peptides related to
neurodegenerative diseases on the other. Examples of anti-
biotics include daptomycin, a last resort antibiotic for the treat-
ment of Gram-positive bacterial infections4 and amphotericin B
that has served as the gold standard treatment for systemic fungal
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infections, despite its toxicity.5 Examples of amyloid oligomers
include the amyloid beta (Abeta) of Alzheimer’s disease,6,7 prion
protein fragment PrP 106–1268–10 and islet amyloid polypeptide
(IAPP)11,12 that is associated with type 2 diabetes. In all of these
cases, the oligomers are perceived to harm or kill cells by
increasing the membrane permeability to ions without any
evidence of discrete channel or pore formation or ion
selectivity.4,6,8,10,13 We note that in the cases of amyloid pep-
tides, the causes of amyloidosis remain controversial.6 One
might call this class of peptides oligomer-forming membrane-
active peptides, to distinguish them from the pore-forming
host-defense antimicrobial peptides such as melittin, magainin
or LL37.14–16 So far, there is very little understanding of these
perceived oligomerizations. As a result, the mechanism(s) by
which the drugs kill pathogens or how the amyloids harm cells
is unknown.6,10

The oligomers mentioned in the examples above are different
from one another. The oligomerization of each membrane-active
peptide or molecule is unique. It is not instructive to discuss
their structural problems in general terms, although we believe
that our proposed method is generally applicable to all types of
oligomers. In the following, we will specifically discuss the
oligomerization of daptomycin, as an example to demonstrate
our new method.

Daptomycin is a lipopeptide antibiotic, notably active
against multidrug-resistant Gram-positive pathogens, includ-
ing methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus (VRE).17–19 The evidence so
far suggests that its main target is the bacterial cytoplasmic
membrane, where daptomycin causes permeability to ions,
leading to loss of membrane potential and cell death.4,17,18,20–22

The antibacterial activity of daptomycin is calcium-dependent23

and correlates with the target membrane’s content of phosphati-
dylglycerol (PG).24 In lipid vesicle experiments, daptomycin causes
ion permeability only in the vesicles containing PG and in the
presence of calcium ions;17,25 exactly the same conditions were
found to be necessary for daptomycin to be effective against
bacteria. Recently, we have performed experiments on daptomycin
with various types of lipid combinations, including DMPC/DMPG,
DOPE/DOPG and DOPC/DOPG,26–28 and concluded that it is
insensitive to the chain types of the lipid as long as PG is included.

One basic requirement for studying a membrane sample as
a whole is the uniformity of the sample. For daptomycin
studies, the sample must also include PG and calcium ions.
In our previous studies, we were able to determine the stoichio-
metric ratio of the daptomycin/Ca2+/PG complex to be 2 : 3 : 2.26

It is not a trivial matter to mix lipid and ions into a uniform,
homogeneous sample. In the common method for the prepara-
tion of membrane samples with organic solvents,29,30 it is
difficult to include ions. We will describe a new method of
water-based preparation that results in well-aligned, homo-
geneous multilamellars of daptomycin, PC/PG, and Ca2+ mix-
tures, as proven by high orders of X-ray lamellar diffraction and
a low mosaic. This method was used before for preparing
multilamellars of lipopolysaccharides31 that do not dissolve
in organic solvent. We have improved the water-based method

by shortening the time of preparation, which is important for
varying the sample composition during the experiment.

In the following, we describe the oligomer problem of
daptomycin, the method of sample preparation, and the rhombo-
hedral trap method.

Experiment
Materials

Lipid 1,2-distearoyl(9,10-dibromo)-sn-glycero-3-phospho-(10-rac-
glycerol) [di18:0(9,10Br)PG, abbreviated as Br-DOPG in this
paper] and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)
were purchased from Avanti Polar Lipids (Alabaster, AL). Calcium
chloride (498.0%) and other reagents of highest purity available
were purchased from Sigma-Aldrich (St. Louis, MO).

Water-based multilamellar preparation

(1) Use lipid powder or evaporate organic solvent from lipid
solution (lipids are typically supplied in chloroform).

(2) Add distilled water to the dry lipid. We found best results
in the range of 160–320 mL of water per mg of lipid.

(3) Sonicate the mixture into a suspension of small unilamellar
vesicles (SUVs), for example, 60 min in a ultrasonicator at 15 W.

(4) Add daptomycin and Ca2+ (in the form of CaCl2) in a 2 : 3
molar ratio to the SUV suspension, in which the PG to dapto-
mycin molar ratio is Z1. Sonicate the suspension for an hour.

(5) Coat one to two bilayers of lipid on the cleaned surface of
the substrate, either glass or silicon wafer. On glass, spread
0.001 mg of DOPG in organic solution onto a 18 � 18 mm
surface. Use neutral lipid on silicon wafer.

(6) Spread 0.5 mg of lipid in the SUV suspension on the
18 � 18 mm substrate.

(7) Vacuum dry the sample at 40 1C for an hour.
(8) Then, keep the sample at 40 1C at saturated humidity

before experiment.

Grazing-angle X-ray diffraction for the L to R phase transition

The experiment was performed at the beamline BL13A of the
National Synchrotron Radiation Research Center (NSRRC,
Hsin-Chu, Taiwan). The details of the experimental setup were
described by Qian et al.1 The multilamellar sample was posi-
tioned to be exposed to a beam of size 0.5 � 0.3 mm2 incident
at B0.31 relative to the substrate. Diffraction patterns were
recorded on a Rayonix 165 detector (Rayonix, Evanston, IL)
oriented vertically to the incident beam. A vacuumed beam
path between the sample chamber and the detector was used to
reduce air scattering. An aluminum attenuator was used to
keep strong reflection orders from saturating the detector.

The sample was kept inside a humidity-temperature chamber.32

The chamber was covered by a double-layered insulating wall of
mylar windows for the passage of X-ray. Between the double layers,
a resistive heating coil maintained the surface temperature of the
chamber above that of the sample so as to prevent water condensa-
tion on the windows.
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The structural phase transitions were recorded for a series of
samples at 30 1C by decreasing the relative humidity in the
sample chamber starting from full hydration. The diffraction
patterns on the detector were translated to the Q space following
the procedure detailed in previous papers.32,33 The rhombohedral
diffraction patterns are described by the set of reciprocal vectors b1 =
(1/a, 1/(O3a), �2/(3c)), b2 = (0, 2/(O3a), �1/(3c)) and b3 = (0, 0, 1/c)
indexed by (h, k, l), which correspond to the crystal axes a1 = (a, 0, 0),

a2 ¼ �a=2;
ffiffiffi
3
p

a=2; 0
� �

, and a3 ¼ a=2; a=2
ffiffiffi
3
p

; c
� �

.32 a1, a2, and
a3 define the primitive unit cell, with the c axis normal to the lipid
bilayers and, a1 and a2 the unit vectors of a hexagonal pattern on the
plane of the bilayer. Equivalently, the rhombohedral lattice is

described by the reciprocal vectors B1 ¼ ð1=a; 1=ð 3
p

aÞ; 0Þ,
B2 ¼ ð0; 2=ð 3

p
aÞ; 0Þ, and B3 = (0, 0, 1/(3c)) indexed by (H, K, L)

and the crystal axes A1 = (a, 0, 0), A2 ¼ ð�a=2; 3
p

a=2; 0Þ, and
A3 = (0, 0, 3c). The cell defined by A1, A2, A3 contains three

primitive unit cells positioned at (0, 0, 0), a=2; a=2
ffiffiffi
3
p

; c
� �

, and

0; a=
ffiffiffi
3
p

; 2c
� �

.

Grazing-angle multiwavelength anomalous diffraction in the R
phase

This experiment was performed for two samples with following
lipid compositions: DPhPC/Br-DOPG (19 : 1) plus daptomycin/

Ca2+ (2 : 3) in the daptomycin/lipid ratio D/L = 1/40, and DPhPC/
Br-DOPG (29 : 1) plus daptomycin/Ca2+ (2 : 3) in the daptomycin/
lipid ratio D/L = 1/30, denoted as Dap/Ca/DPhPC : Br-DOPG
(19 : 1) in the ratio 1/1.5/40 and Dap/Ca/DPhPC : Br-DOPG
(29 : 1) in the ratio 1/1.5/30, respectively. Grazing angle bromine
anomalous diffraction was performed at the beamline BL23A of
the NSRRC with the same setup as that described above, except
that the Rayonix CCD detector was replaced by a Pilatus-1MF
detector (Dectris, Baden-Dättwil, Switzerland). The initial steps
included measuring the wavelength dependence of the detec-
tors and the absorption spectrum of bromine,34 from which the
real fl0 and imaginary fl00 parts of the bromine atom’s anom-
alous scattering factor were obtained from the measured
absorption spectra.34 The numerical values of fl0 and fl00 of
bromine have been measured previously, and are available in a
graph35 and a table.34 The energy of the bromine K-edge is
13.474 keV. Ten sub-edge X-ray energies were chosen such that
the values of fl0 at successive energies differ by Dfl0 = 0.5 in the
unit of electron (Table 1 of ref. 34). It is important to note that
the grazing-angle diffraction was completed by a combination
of two separate scans: a grazing angle off-specular scan for all
(H, K, L) except for (0, 0, L), and a y–2y scan for (0, 0, L) peaks.32

Then, these two different scans were normalized to each
other.32

Fig. 1 Two dimensional rocking (o, 2y) scan for four different compositions of DPhPC, DOPG, daptomycin and CaCl2—the molar ratios are indicated on
the labels. The purpose was to test the water-based multilamellar sample preparation. In all cases, the mosaic spread is about 0.2 deg. full width at half
maximum.
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Results
1. Water-based multilamellar sample preparation

A series of samples based on the lipid compostion DPhPC/
Br-DOPG at various ratios, plus daptomycin/Ca2+ always in a
2 : 3 ratio, with different daptomycin to PG ratios was prepared,
according to the procedure described, as a test for the method
of sample preparation. In all cases, the ratio of PG to dapto-
mycin was equal or greater than one. The choices are based on
the stoichiometric ratios of the daptomycin/Ca2+/PG complex
that is explained below.

The procedure for preparing multilamellar samples was
based on our previous experience of preparing similar samples
of lipopolysaccharides,31 which are not soluble in organic
solvent. Here, we have tested several variations of the procedure
in order to shorten the time of preparation. The steps given in
the Experimental section are our optimized version. The result-
ing multilamellar samples appeared to have uniform thickness
with a smooth surface. Lamellar diffraction showed 6 or more
Bragg peaks at low humidity (B90% RH) and appeared to be
hydration-saturated at B97% RH due to the presence of ions in
the samples. Two dimensional o–2y scans consistently showed
a mosaic spread of o0.2 deg. full width at half maximum,
indicating excellent alignment and uniformity (Fig. 1).

2. Rhombohedral phase

The lipid phases are easily identifiable by grazing angle diffrac-
tion from multilamellar samples. Unlike powder diffraction,
which produces rings of different radii in Q, grazing angle
diffraction from lipid phases appears in a pattern of peaks on a
2D area detector oriented perpendicular to the incident beam.
The patterns for the R phase and HII phase have been identi-
fied previously36 (reproduced in Fig. S1 for convenience, ESI†).
In fact, one can identify them from a few strong peaks (Fig. 2).
The phase transitions in pure lipids or lipid composites have
been studied in detail.36–38 It is important to note that the
phase boundaries can be complicated38 as neighboring phases
tend to coexist. For our purpose, it is important to find out if a
pure R phase of our samples is obtainable.

Daptomycin/Ca2+ (2 : 3) mixed with DPhPC/Br-DOPG (19 : 1)
bilayers in various daptomycin to total lipid ratios (abbreviated
as D/L) was observed for its lipid phase behavior by using

grazing angle X-ray diffraction. The sample was housed in a
temperature/humidity chamber32 maintained at 30 1C. Applying
osmotic stress to the lipid by lowering the water vapor pressure
from B100% RH, we found that the lipids transformed from
the lamellar (La abbreviated by L) phase to the rhombohedral
(R) phase and then to the inverted hexagonal (HII abbreviated
as H) phase. Fig. 2 shows the phase transitions from the
L phase to the R phase, and at lower RH, the appearance of
the coexisting H phase. In our case, the transition from L to R is
clean, but H first appears to coexist with R. Near the L–R phase
boundary, the contamination of the H phase is absent or
minimal.

Fig. 3 shows the RH value of the L–R phase boundary for
different daptomycin to total lipid D/L ratios. The result
indicates that the samples with D/L between 1/40 and 1/30
require the least osmotic stress to transform from L to R.

3. Anomalous diffraction

Multiwavelength anomalous grazing-angle diffraction is a labor-
ious experiment. Each off-specular scan is coupled with a y–2y
scan for (0, 0, L) peaks.34 The same procedure was repeated at ten
different X-ray energies below the Br K-edge. For each diffraction
peak, the background signal needs to be removed with care by
matching with the far away background.32 The peak intensity
was then integrated to give the absolute square of the amplitude
|Fl(H, K, L)|. (H, K, L) indices of the diffraction peaks (shown in
Fig. 4) can be found in ref. 32. All together, 16 independent Bragg
peaks were detected for each of the two samples: Dap/Ca/DPhPC :
Br-DOPC (29 : 1) in daptomycin/lipid ratio D/L = 1/40, and Dap/
Ca/DPhPC : Br-DOPC (19 : 1) in daptomycin/lipid ratio D/L = 1/30.
The symmetry related peaks are counted as one peak.

The method of multiwavelength anomalous diffraction has
been described in previous work.34,35 The diffraction amplitude
Fl from a unit cell containing bromine atoms with atomic
scattering factor f = f n + fl0 + ifl00 is written as

Fl ¼
X
j

f nj exp iQ � rj
� �

þ
X
k

f n þ f 0 þ if 00ð Þ exp iQ � rkð Þ

¼ F0 þ
fl
0 þ ifl

0 0

f n
F2

(1)

where f n is the normal Br atomic scattering factor, and fl0 and
fl00 are the real and imaginary parts of the anomalous scattering

Fig. 2 The detector image of grazing angle diffraction. The phases can be identified by a few strongest peaks.38 For this sample, Dap/Ca/DPhPC :
Br-DOPG (29 : 1) at 1/1.5/30, the lamellar (La) phase gave very strong lamellar peaks on the Qz axis. The powder ring shown in this image is negligible
compared to the lamellar peaks. In this image, the lamellar peaks were blocked and the detector intensity was magnified to show the side peaks. The
R phase first appears at RH 76% (identified by the two peaks at H = 0, K = 1, L = 1 and H = 1, K = 0, L = 232). The Hii phase (identified by the peak indicated
by the red arrow)35 appears at RH 71% coexisting with the R phase.
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factor. F0 is the normal diffraction amplitude of the whole
system and F2 is the normal diffraction amplitude of the Br
atoms alone. From the way the samples were prepared, we will
assume that the unit cell is on average centrosymmetric, so that
both F0 and F2 are real (rather than complex) quantities and
their phases are the signs of the amplitudes. (Note that this
centrosymmetry assumption will be validated by the data.)
Then, we have |Fl|

2 = [F0 + ( fl0/f
n)F2]2 + ( fl00/f

n)2F2
2. From the

numerical values34 of fl0 and fl00, at energies below the absorp-
tion edge, fl00 is about 10% of | fl0|, therefore the second term is
about 1% of the first term. Consequently, we obtain the
approximate relation

Flj j � � F0 �
fl
0�� ��

f n
F2

 !
(2)

For each sample, the diffraction amplitude Fl was measured
at ten sub-edge X-ray energies. We plotted |Fl| against | fl0|/f n

for each peak (Fig. 5). The data appear to satisfy a linear
relation (i.e., approximate fit to a straight line). Since the linear
relation eqn (2) is the result of the centrosymmetry assumption,
we see that this assumption is justified by the results shown in
Fig. 5. In each plot, we fitted the data with a straight line; the
intercept of the fitted line gives |F0|; the magnitude of the slope
gives |F2|; and the sign of the slope gives the sign of �F0/F2

(Table 1).

Discussion and conclusions
1. Daptomycin

Daptomycin belongs to a family of cyclic peptides with a
hydrocarbon chain acylated to its N-terminal (the first 10 amino
acids in a ring, an n-decanoyl chain acylated to the 13th amino
acid; see Fig. 1 of ref. 26 reproduced in Fig. S2 for convenience,
ESI†). Its antibiotic function is calcium-dependent and specific
to membranes containing phosphatidylglycerol (PG). For years,
the mode of action of daptomycin has been assumed to be
causing membrane permeability to ions that leads to the loss of
membrane potential and cell death.4,17,18,20,21,24,39–45 Thus, the
common hypothesis has been the formation of ion channels by
daptomycin.4,45–47 However, recently, Müller et al.22 carried out
an in vivo study on B. subtilis membranes using a combination
of proteomics, ionomics, and fluorescence microscopy assays.
They found that daptomycin selectively clusters in fluid
membrane domains and causes dislocation of several peripheral
membrane proteins with the consequence of depolarization of the
membrane potential and cell envelope stress, but the evidence
excluded the possibility of ion channels.

This and other in vivo studies4,22,45 implicate no direct
daptomycin–protein interactions. Instead, the mutations that
alter susceptibility to daptomycin appear to directly affect the
membrane lipid composition,24,41–44 indicating that the bacterial
membranes are the central target for the action of
daptomycin.4,17,18,20,21,24,39–44 This makes it reasonable to look
for the mechanism by which daptomycin alters the membrane
permeability in model lipid membranes. Indeed, fluorescence
resonance energy transfer (FRET) experiments detected oligomer-
ization of daptomycin in the presence of PG-containing mem-
branes and calcium ions.48–50 Our recent giant unilamellar vesicle
(GUV) experiment27,28 demonstrated that the membrane exposed
to daptomycin increased its total membrane area, directly indicat-
ing daptomycin insertion into the membrane, and subsequent
ions leakage into the GUV while the dye molecules encapsulated
inside the GUV did not leak out.28 Thus, the central question is
how does daptomycin induce ion permeability of the membrane?

In a separate experiment,26 we found that the system consist-
ing of three components, i.e., daptomycin, calcium ions, and
PG-containing membranes, as a function of their concentrations,
exhibits only two basic CD spectra (see Fig. 3 of ref. 26, reproduced
in Fig. S3 for convenience, ESI†). The state of monomeric dapto-
mycin (proven by small angle X-ray scattering) in the absence of

Fig. 3 Phase diagram of the mixtures of Dap/Ca (2 : 3) and DPhPC :
Br-DOPG (19 : 1) or (29 : 1) at various daptomycin to total lipid D/L ratios.
L for lamellar, R for rhombohedral and H for hexagonal phase.

Fig. 4 The diffraction peaks of Dap/Ca/DPhPC : Br-DOPG (19 : 1) in the
ratio 1/1.5/40. This off specular diffraction and the y–2y scan of the
lamellar peaks for P1–P4 were measured at ten wavelengths with energies
just blow the Br K-edge. The vertical and horizontal white lines are the
gaps of the Pilatus detector. The (H, K, L) indices of the peaks are available
in ref. 32.

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 R
ic

e 
U

ni
ve

rs
ity

 o
n 

5/
29

/2
01

9 
4:

46
:2

9 
PM

. 
View Article Online

https://doi.org/10.1039/c9sm00323a


This journal is©The Royal Society of Chemistry 2019 Soft Matter, 2019, 15, 4326--4333 | 4331

one or two other components has a unique CD spectrum called
the A state. This is the non-binding state of daptomycin. Dapto-
mycin 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.26 Furthermore, we were able to
establish the stoichiometric ratios of daptomycin/Ca2+/PG in the B
state to be 2 : 3:2, assuming that only the PG in the outer layer of
the vesicles is available for reaction.26 (The ratios would be 2 : 3 : 4
if all PG on both sides of the vesicles is available for reaction.26)
Since the experiment was performed with pre-formed small
unilamellar vesicles (SUVs) mixed into a daptomycin and CaCl2

solution, we believe that 2 : 3 : 2 is the correct ratio. In the present
study, we kept the ratio between daptomycin and Ca2+ 2 : 3, and
the PG to daptomycin ratio Z1.

2. Water-based lamellar preparation

For experiments that measure the properties of the whole
lamellar sample, such as X-ray and neutron diffraction and
solid state NMR, the uniformity and homogeneity of the sample
are paramount. We found that the water-based method pro-
duces excellent multilamellar samples containing ions, which
are difficult to prepare by the conventional method based on
organic solvent.29,30

We observed an interesting phenomenon during step 4 of
the sample preparation when calcium and daptomycin were
mixed into the lipid SUV suspension. If CaCl2 was added to the
suspension first, the suspension became milky indicating
strong light scattering as a result of vesicle aggregation. This
was expected and has been observed in many past experiments,
e.g., in a vesicle fusion experiment.51 However, the suspension
became clear when daptomycin was added. On the other hand,
if the sequence of addition of CaCl2 and daptomycin was
reversed, the suspension remained clear throughout the pro-
cess. To the best of our knowledge, this apparent demonstra-
tion of Ca2+ forming complexes with daptomycin in the
presence of PC/PG vesicles has never been reported before.
According to the stoichiometric ratio, this ‘‘milky to clear’’
phenomenon should occur only if the added daptomycin to
Ca2+ ratio is equal or greater than 2 : 3.

3. Rhombohedral trap

The discovery of the rhombohedral (R) phase of lipids37 led to
the discovery of a long-speculated membrane fusion intermediate
state called stalk.36 Subsequently, we found that lipids containing
alamethicin or melittin (or melittin-like peptides2) also formed

Fig. 5 Each box represents a peak shown in Fig. 4, in which the vertical coordinate |Fl| is plotted vs. the horizontal coordinate
jfl0 j
f n

at ten wavelengths

(see eqn (2)). The left panel is for the sample Dap/Ca2+/DPhPC : Br-DOPG (19 : 1) at 1/1.5 : 40 ratio, abbreviated as D/L = 1/40. The right panel is for the
sample Dap/Ca2+/DPhPC : Br-DOPG (29 : 1) at 1/1.5/30 ratio, abbreviated as D/L = 1/30.

Table 1 Results of multiwavelength Br-anomalous diffraction analysis.
The peak numbers are identified in Fig. 4

Peak no.

Dap/Ca/DPhPC : Br-DOPG
(19 : 1) 1/1.5/40

Dap/Ca/DPhPC : Br-DOPG
(29 : 1) 1/1.5/30

|F2| |F0| �F0/F2 |F2| |F0| �F0/F2

P1 1.0807 88.4523 �81.85 34.3426 52.5816 �1.53
P2 17.2331 9.9226 0.58 21.7213 11.1021 0.51
P3 59.2055 17.7647 �0.30 20.2545 9.3598 �0.41
P4 45.2843 11.3168 �0.25 25.8895 5.8672 �0.23
P5 3.6925 8.2598 �2.24 20.3963 8.3891 �0.41
P6 5.7964 10.5024 �1.81 20.0569 9.8040 �0.49
P7 1.8580 1.6559 �0.89 2.9393 1.0547 �0.36
P8 1.5985 1.8542 �1.16 2.9638 1.2392 �0.42
P9 0.2800 0.5665 �2.02 2.6078 0.7613 �0.29
P10 0.1565 2.5518 �16.31 4.8928 2.3055 �0.47
P11 * * * * * *
P12 2.7280 3.0910 �1.13 5.0840 2.1726 �0.43
P13 2.5311 3.2270 �2.11 5.5252 2.4599 �0.45
P14 0.3871 0.7777 2.01 2.3468 0.9476 �0.40
P15 1.6863 1.3878 �0.82 1.5129 0.7448 �0.49
P16 1.3740 1.3072 �0.95 2.5905 0.9035 �0.35
P17 * * * 2.2205 1.1491 �0.52
P18 0.8038 0.7396 0.92 * * *

* Indicates that the amplitude is too small to be measured accurately.
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the R phase. The electron distributions in these R phases revealed
the structures of the barrel-stave pore1 and the toroidal pore2,3

for the first time. In these cases, we knew from other independent
experiments the threshold concentration (the peptide to lipid
ratio) for alamethicin and melittin to form pores. But what is
the concentration for daptomycin in the membrane to form
oligomers? The peptide concentration in membrane is one of
the unknowns in the problem of peptide oligomerization. For this
experiment, we tested the samples with the daptomycin to lipid
ratio varying from 1/60 to 1/10 (Fig. 3).

In the R phase, the lipid–daptomycin–Ca2+ mixture forms a
hexagonal array in each lipid bilayer; and the hexagons of
neighboring layers stack up in a face-centered cubic fashion
(also called ABCABC packing).37 Each unit cell is a hexagonal
prism of one lipid bilayer. Due to the symmetry, the daptomycin
oligomers must be at the center of the hexagonal unit cell. The
unit cells in the R phase are all identical, otherwise they would
not produce a crystalline diffraction. Besides the apparent
advantage that the R phase allows 3D diffraction analysis of
the trapped oligomers, the formation of rhombohedral unit
cells containing oligomers opens new ways for probing the
lipid–oligomer interaction.

(1) The formation of the R phase in which each unit cell
contains the same oligomer implies the regularity of daptomycin
oligomerization, i.e., the oligomers are all of the same size. We want
to stress that this regularity of oligomerization has never been
known. Throughout more than two decades of research on dapto-
mycin, no definitive oligomer or complex of daptomycin has been
deduced based on its chemical structure (Fig. S2, ESI†). Even the
stoichiometric ratios26 do not imply a definitive size of oligomer-
ization. We now know for the first time that daptomycin forms a
definitive oligomer trapped in each rhombohedral unit cell.

(2) The RH value for the phase transition from the L phase to
the R phase depends on the daptomycin to lipid ratio D/L in the
sample. The higher the RH value, the less osmotic stress
needed to cause the phase transition. Samples from D/L =
1/40 to 1/30 require the least osmotic stress implying that the
R phase is most readily formed in this range of D/L. Accordingly,
we applied anomalous diffraction to two samples: Dap/Ca2+/
DPhPC : Br-DOPG (19 : 1) at 1/1.5/40 ratio and Dap/Ca2+/DPhPC :
Br-DOPG (29 : 1) at 1/1.5/30 ratio. They will be abbreviated as
D/L = 1/40 and D/L = 1/30 in the following discussion.

(3) Biologically produced compounds have very minor dif-
ferences in electron densities. It is difficult to measure the
electron density distribution of individual compounds unless
the sample is truly crystalline. Membranes do not crystallize.
Heavy atom labeling (or deuteration for neutron diffraction) is
the only way to produce electron density contrast in mem-
branes. In our case, bromine labeling on lipids is probably
chemically the easiest (although expensive). For the current
investigation, we used Br-DOPG. In D/L = 1/40, the number of
PGs per lipid is 1/20 and the number of daptomycin per lipid is
1/40. There are 2 PGs per daptomycin. In D/L = 1/30, there is
one PG per daptomycin.

In Table 1, F0 is the normal diffraction amplitude of the
whole system and F2 is the normal diffraction amplitude of the

Br atoms alone. If we inspect the relative magnitudes of the
amplitudes within each sample, the relative magnitudes of F0

from peak 1 to 16 are similar between two samples. This is to be
expected. Daptomycin and PG are minorities in each sample,
therefore F0 is basically the amplitude of the DPhPC bilayer in
the rhombohedral unit cell. On the other hand, the relative
magnitudes of F2 within each sample are very different between
the two samples. The side peaks (P5–P16), with H and K not
both zero, are much stronger relative to the central lamellar
peaks (P1–P4) in D/L = 1/30 compared to D/L = 1/40. This
implies that the distribution of PG is more concentrated toward
the center in D/L = 1/30 than in D/L = 1/40. Independently, we
can reasonably assume that daptomycin in the hexagonal unit
cell is concentrated at the center due to symmetry. Given that
the stoichiometric ratio of daptomycin to PG is 1 : 1, PGs must
also concentrate at the center in D/L = 1/30. In contrast, in
D/L = 1/40, there are 2 PGs per daptomycin, therefore there are
extra non-binding PGs not concentrated at the center. This is
consistent with the principle of diffraction, i.e., diffraction is
the Fourier transform of the real space electron distribution,
therefore the narrower the real space distribution, the wider the
diffraction spreads in Q space.

This agreement between the known stoichiometry and the
result of anomalous diffraction is proof that the method of
rhombohedral trap is providing structural information about
the daptomycin oligomer. Ultimately, we must resolve the
electron density distribution from the diffraction data. To do
so, we must solve the phase problem. Although we solved the
phase problem in one case by the swelling method,32,36 solving
the diffraction phases is in general difficult. A more practical
approach is model fitting the magnitudes of the peak ampli-
tudes, because there are only 16 amplitudes and each ampli-
tude is either positive or negative. To that end, more
complimentary sets of data will produce more restricting
models. Here, for example, we can use the combination of
brominated PC and plain PG to perform anomalous diffraction
for a complimentary data set where the lipid surrounding the
daptomycin oligomer is highlighted by bromine. In fact, this
was how the structures of the barrel-stave pore1 and toroidal
pores3 were solved.

The preliminary data presented above strongly suggest the
possibility of measuring the size of the oligomers and deter-
mining the variability of oligomerization with sample composi-
tion. Further studies should reveal the resolution limit of this
method of rhombohedral trap.
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Fig S1. Grazing angle diffraction patterns of the lamellar (L), rhombohedral (R) and hexagonal 
(H) phases (reproduced from ref 36 for convenience). 
 

 
 
 
 
Fig S2 Structural formula of daptomycin with CPKTM space filling atomic models.  Two sides of 
the CPK model of daptomycin are shown along with lipid DOPG.  Their sizes are in proportion 
to each other (reproduced from ref. 26). 
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Fig. S3  CD spectra of daptomycin in different daptomycin/Ca2+/PG compositions. Shown here 
are the CD spectra of 40 µM daptomycin with 800 µM 7:3 DOPC/DOPG in 10 mM Tris buffer 
at pH 7.4 with Ca2+ concentrations between 0 and 103 µM.  Each spectrum can be fit by a linear 
combination (dotted line) of two basis spectra A and B, with the percentage of B indicated.  A is 
the CD with no Ca2+; B is the CD with 97 µM CaCl2.  (Reproduced from ref. 26, Fig. 3) 

 
 

 




