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ABSTRACT We have characterized the structural and thermotropic properties of one of the most important lipids in the cell
membrane of Staphylococcus aureus, lysyl-dipalmitoylphosphatidylglycerol (lysyl-DPPG). applying differential scanning calo-
rimetry and small- and wide-angle x-ray scattering. Microcalorimetry revealed that under physiological conditions (phosphate
buffer, 20 mM NaPi, 130 mM NaCl, pH 7.4), the synthetic lysyl-DPPG resembles the features of the parent dipalmitoylphospha-
tidylglycerol (DPPG) with respect to its melting behavior. However, in contrast to DPPG, lowering the pH did not significantly affect
the main transition temperature (;40�C) of lysyl-DPPG, which can be explained by its difference in protonization because of the
lysine group. X-ray experiments yielded the first information on chain packing andmorphology of lysyl-DPPG.We found that lysyl-
DPPG formsan interdigitated lamellar phasebelow the chain-melting transition. This canbeexplainedby the largeheadgrouparea
of lysyl-DPPG as a result of its charged lysine group, especially if the headgroup is arranged parallel to the bilayer plane.
Additionally, lysyl-DPPG degradation products, such as lysine and free fatty acids, had significant influences on the melting
behavior and led to amulticomponentmelting transition.Our results indicate that the degradation of lysyl-DPPG takes placemainly
during the hydration process but also depends on lipid storage time, pH, and thermal treatment. Detailed temperature-resolved
experiments at pH 5.0 demonstrated the formation of a lamellar gel phase with tilted hydrocarbon chains and a ripple phase,
coexisting with the interdigitated lysyl-DPPG bilayers.

INTRODUCTION

Staphylococcus aureus is a Gram-positive bacterium that

colonizes the skin of ;30% of healthy people (1). Usually,

S. aureus is considered a harmless colonizer, but it is, on the

other hand, also able to cause a wide spectrum of clinical

manifestations (2). It is alarming that the treatment of S. au-
reus infections has become increasingly difficult because of

the inappropriate use of antibiotics (3–6), which already led to

resistance against methicillin (methicillin-resistant Staphy-
lococcus aureus (MRSA)) and all other b-lactam antibiotics

(5). The MRSA strain was originally found only in hospitals

and nursing homes, but now epidemiologists have begun to

see more and more cases of MRSA infections among, e.g.,

native Americans, athletic teams, and schoolchildren. Addi-

tionally, in the last decade, infectionswithMRSA strains have

spread all over the world (7). Moreover, resistance against

vancomycin, an antibiotic of the last resort, has been in-

creasing rapidly (8), and MRSA is presently the most com-

monly identified antibiotic-resistant pathogen in many parts

of the world, including Europe, America, North Africa, and

East Asia (9,10).

In view of these developments, new antimicrobial agents

with novel mechanisms of action are needed. Antimicrobial

peptides (AMPs), which are part of our innate immune sys-

tem and constitute a first line of defense against bacterial

invasion, are natural candidates in this search. Because of

their nonreceptor-specific mode of action, which enables

them to destroy bacterial cell membranes within minutes,

resistance will less likely occur (11–16). Yet, S. aureus is

able to modify its bacterial cell envelope (17), resulting in

reduced susceptibility toward cationic AMPs, induced either

by electrostatic repulsion or by general changes to membrane

properties such as fluidity (16,18). To this end, two different

membrane modifications are suggested for S. aureus. First,
Staphylococci may change the net charge of their cell enve-

lope via a modification of teichoic acid with D-alanine. This

contributes to an increase of positive charge of the cell sur-

face of S. aureus, leading to a repulsion of the positively

charged peptides that correlates with in vitro resistance to a

number of AMPs (19). Second, S. aureus can modify phos-

phatidylglycerol (PG), a major phospholipid of its cytoplas-

mic membrane, by attaching L-lysine to the PG-headgroup

(for structure, see Fig. 1), conferring a positive charge on the

lipid (20) and again causing repulsion of cationic AMPs. In

support of this notion, Peschel and co-workers (21,22) ob-

served that S. aureusmutants lacking the mprF gene, which is

responsible for this modification, were more susceptible to

AMP killing. Recently, it was shown that in vitro suscepti-

bility of S. aureus to thrombin-induced platelet microbicidal

protein-1 (tPMP) is strongly dependent on the amount of

lysyl-phospatidylglycerol (lysyl-PG) present in the outer

leaflet of the cytoplasmic membrane (23). In particular, the

amount of lysyl-PG in the outer leaflet of a tPMP-resistant

strain was found to be 27.3% compared with 18.6% in iso-

genic tPMP-susceptible S. aureus strains (23). Even higher

amounts of lysyl-PG were reported for S. aureus in the
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stationary phase (57% PG, 38% lysyl-PG, and 5% cardio-

lipin) (24).

In the 1970s, much work was done to characterize the me-

tabolism of PG and lysyl-PG (25) and changes in S. aureus
membrane lipid composition (26–30). Recently, there has

been renewed interest in understanding the mode of action of

AMPs, addressing the genetic aspect of S. aureus resistance
to these peptides (19,21,23,31,32). However, little is known

with respect to the physicochemical properties of lysyl-PG

bilayers, mainly because of their limited availability, al-

though guidelines for the synthesis of lysyl-PG (33,34) and

for extraction of lysyl-PG from S. aureus strains (20,35) have
been reported. Apart from monolayer and freeze-etching

studies on synthetic didodecanoyl-lysylphosphatidylglycerol

(C12-lysyl-PG) and mixtures with didodecanoyl-phosphati-

dylglycerol (C12-PG) (36,37), no biophysical studies on

lysyl-PG are available in literature to the best of our knowledge.

Tocanne et al. (36) showed that the molecular packing of C12-

lysyl-PG monolayers is pH independent below pH 6.5,

whereas the monolayer area expanded as a function of pH.
6.5. Freeze-etching studies showed that C12-lysyl-PG has no

well-defined structure in water and in 100 mM NaCl solution

(pH 6.0), whereas it forms lamellar structures in the presence

of 100 mM MoO2�
4 (pH 6.0) because of the binding of

MoO2�
4 to the amino group of C12-lysyl-PG, causing elec-

trostatic screening. In the presence of 100 mM MoO2�
4 (pH

6.0) C12-lysyl-PG also had the same chain-melting transition

temperature as C12-PG in 100 mM NaCl (36).

The lack of knowledge on lysyl-PG prompted us to char-

acterize the thermotropic behavior and structural properties

of fully hydrated liposomal dispersions composed of syn-

thetic lysyl-dipalmitoylphosphatidylglycerol (lysyl-DPPG),

applying differential scanning calorimetry (DSC) as well as

small- and wide-angle x-ray scattering (SWAXS). Under the

present buffer conditions (20 mM Na-phosphate buffer, 130

mMNaCl), lysyl-DPPG showed a complex melting behavior

over a broad range of pH. This can be understood by con-

sidering the instability of the lipid with respect to storage

time, hydration, pH, and temperature treatment, leading to

the formation of degradation products such as lyso-DPPG,

free fatty acids, and DPPG as well as lysine, which all con-

tribute to the complex behavior. Nevertheless, we were able

to single out the putative behavior of ‘‘pure’’ lysyl-DPPG,

which appears to form an interdigitated phase below the

chain-melting temperature Tm, which occurs at;40�C. This
packing within the lipid bilayer can be attributed to the large

headgroup because of the attached lysine group.

MATERIALS AND METHODS

Lipids

Lysyl-DPPG and DPPG (both sodium salts) were purchased from Avanti

Polar Lipids (Alabaster, AL) (purity . 99%) and used without further pu-

rification. Lipid stock solutions were prepared by dissolving weighted

amounts of the respective lipid in chloroform/methanol (2:1, v/v). DPPG

stock solutions were stored at –20�C. All lysyl-DPPG solutions were used

immediately.

Preparation of the liposomes

Appropriate amounts of the phospholipid stock solutions were dried under a

stream of nitrogen and stored in vacuum overnight to remove the organic

solvent. Lysyl-DPPG films were used immediately to avoid possible deg-

radation of the lipid. For preparation of liposomes, the dry lipid films were

dispersed in buffer (double-distilled water containing 20 mM Na-phosphate,

130 mMNaCl) and hydrated in the fluid phase La at 55�C under intermittent

vigorous vortex mixing over a period of 1.5 h. The pH of the buffer was

varied in the range from 2.0 to 9.0. The total lipid concentrations of the

samples were 1 mg/ml for DSC and 50 mg/ml for x-ray diffraction experi-

ments.

DSC

DSCmeasurements were performed on aMicroCal VP-DSC high-sensitivity

differential scanning calorimeter (MicroCal, Northhampton, MA). Each

DSC experiment consisted of three heating and cooling scans in the range of

Tm � 20�C to Tm 1 20�C at a heating/cooling rate of 0.5�C/min. Samples

were thermostated for 30 min before each heating scan and for 1 min before

the cooling scans. MicroCal’s Origin software (MicroCal) was used for data

acquisition and analysis throughout. Calorimetric enthalpies were calculated

by integrating the peak areas after baseline adjustment and normalization by

the phospholipid mass. The phase-transition temperatures were derived from

the peaks of the heat capacity (cP) versus temperature data.

SWAXS

SWAXS experiments were performed on a SWAX camera (System 3, Hecus

X-ray Systems, Graz, Austria) allowing simultaneous sampling of diffraction

data in the small- and the wide-angle regimes. The x-ray camera was

mounted on a sealed-tube generator (GE-Seifert, Ahrensburg, Germany)

operating at 2 kW. CuKa radiation (l ¼ 1.542 Å) was selected using a Ni

filter in combination with a pulse height discriminator. The x-ray beam size

was set to 0.5 mm3 3.5mm (V3H). The SWAXS patterns were recorded in

the wave vector (q¼ 4p sinu/l) regimes of 10�3 Å�1, q, 1 Å�1 (SAXS),

and 1.2 Å�1 , q , 2.7 Å�1 (WAXS) using two linear, one-dimensional,

position-sensitive detectors (PSD 50, Hecus X-ray Systems, Graz, Austria).

Calibration in the small-angle region was performed with silver stearate (d¼
48.68 Å) and in the wide-angle region with p-bromo-benzoic acid (38).

FIGURE 1 Chemical structure of lysyl-DPPG.
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Samples were filled in 1-mm thin-walled quartz-glass capillaries in tight

thermal contact with a programmable Peltier unit. Samples were equilibrated

for 10 min at each temperature before measurement. Exposure times for

SAXS were 2400 s and for WAXS, 4800 s.

Background-corrected SAXS data were analyzed using the global anal-

ysis program, which is based on a full q-range fitting technique (39–41). In

brief, the scattered intensity of randomly oriented bilayers is modeled as

IðqÞ}jFðqÞj2=q2
; (1)

taking the instrumental resolution into account. F(q) refers to the form factor

and is given by the Fourier transform of the electron density modulation

across the lipid bilayer. The electron density profile was modeled by the

summation of two Gaussians, one accounting for the electron-dense PO4

group and a second for the electron-poor region of the terminal methyl group

of the hydrocarbon chains. No significant contribution to the overall scattered

intensity can be expected from the lysine group because of its negligible

contrast with respect to the surrounding aqueous buffer. Consequently, the

obtained distance between the electron density peaks dHH corresponds

closely to the distance between the two PO4 groups across the bilayer.

In the case of coexisting interdigitated and noninterdigitated gel phases,

the scattered intensity is given by a linear superposition of the individual

phases (42)

IðqÞ ¼ ð1� fIÞIniðqÞ1fII
iðqÞ; (2)

where Ini and Ii refer to the scattered intensity of the noninterdigitated phase

and interdigitated phase, respectively; fI is the apparent fraction of the

interdigitated phase. Note that fI reflects the scaling of the two contributions

in Eq. 2, not necessarily their true proportion. The model for the electron

density profile of interdigitated phases and its applicability have been

discussed in detail previously (42,43).

From the background and noise-corrected gel phaseWAXS patterns (42),

we obtained information on the molecular packing of the hydrocarbon chains

and in particular on the lateral area per lipid, which was calculated according

to (44)

A ¼ 8p
2

cosut

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q
2

20q
2

11 � q
4

20=4
q (3)

for tilted hydrocarbon chains, and (45)

A ¼ 32p
2

ffiffiffi
3

p
q
2

11

(4)

for the interdigitated bilayers, where q20 and q11 refer to the peak positions of

the (2,0) and (1,1) hydrocarbon chain reflections. The tilt angle ut can be

estimated from

d
tilt

C ¼ d
nt

C cosut; (5)

where d tilt
C ¼ dHH=2�4Å (46,47) is the hydrocarbon chain length of tilted

bilayers. The hydrocarbon chain length of nontilted bilayers can be roughly

determined from d nt
C ¼ 1:27Å3 nCH2 (48), where nCH2 is the number of

hydrocarbons per acyl chain.

High-performance thin-layer chromatography

Purity and possible degradation of the phospholipids were checked by high-

performance thin-layer chromatography (HPTLC) before and after all mea-

surements. For this purpose lipids were spotted onto Silica 60 F 254 HPTLC

plates (Merck, Darmstadt, Germany) and developed using chloroform/

methanol/water/acetic acid (65:25:4:1, v/v) (Lactan, Graz, Austria, purity pro

analysis). Pure lipids were dissolved in chloroform/methanol (2:1, v/v) and

directly used as standards. Molybdenic acid (Lactan, purity p.a.) was used to

visualize all phospholipids and fatty acid after exposure to heat. In addition,

lysyl-DPPG and lysine, a degradation product of lysyl-DPPG, have been

identified with ninhydrin (Merck, Darmstadt, Germany) staining.

RESULTS AND DISCUSSION

Fig. 2 gives an overview of the DSC heating scans of lysyl-

DPPG at various pH values showing a highly complex

melting behavior. Besides pH 9.0, all thermograms showed a

pretransition around 37�C and 38�C. The major heat capacity

peak, which can be attributed to the chain melting or main

transition, occurred within a narrow temperature interval with

maxima between 40.2�C and 40.5�C. Additionally, we also
found several posttransitional events between 43.0�C and

60.0�C. A broad peak next to the main transition was ob-

served at all pH values, whereas an additional rather coop-

erative peak at 54.8�C was recorded at lower pH values (2.0

and 5.0). Transition temperatures and enthalpies are listed in

Table 1. Because of the inherent instability of lysyl-DPPG,

the presence of possible degradation products from lysyl-

DPPG have to be considered, which may contribute to this

intricate thermotropic behavior.

We have, therefore, performed HPTLC to identify possible

degradation products. Fig. 3 shows the results before and

after an experiment at pH 5.0. All TLCs gave evidence of

FIGURE 2 DSC heating scans for lysyl-DPPG at various pH values. Data

taken from the first heating scans with a scan rate of 0.5�C/min. Heat

capacity curves for pH 9.0, pH 7.4, pH 5.0, and pH 2.0 (top to bottom) were
shifted horizontally for better graphic representation. The arrows indicate the

pretransition.
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degradation products of lysyl-DPPG, even the lysyl-DPPG

standard (Fig. 3 iii) stored at �20�C. The latter exhibited in

addition to the lysyl-DPPG spot a second spot at the start,

which could also be visualized with ninhydrin, indicating the

presence of residual lysine. Compared with the lysyl-DPPG

standard, samples measured before (Fig. 3 i) and after (Fig. 3
ii) the experiment showed additional spots below the solvent

front, above the lysyl-DPPG spot, and between the start and

lysyl-DPPG. Taking palmitic acid as a standard, we could

identify the spot close to the solvent front as free fatty acids

that could be clearly visualized on heating. Because lyso-

lipids are less polar, which leads to a decreased retention

time, we can identify the spot between the start and the lysyl-

DPPG as lyso-DPPG. The spot above lysyl-DPPG can be

identified as DPPG as evidenced from the pure phospolipid

standard showing a higher retention time for DPPG than for

the lysyl-DPPG standard.

We first consider the effect of DPPG clearly observed in

the TLCs and also expected from previous experiments

showing that the lysine group from the lysyl-PG headgroup is

cleaved easily (35). Watts et al. (49,50) showed that the

single proton at the phosphate group of PGs can be titrated

(pKa ; 2.9), which results in charge neutral lipid bilayers at

low pH with a high Tm and fully anionic PG membranes

above pH 7.0 with a considerably lower Tm. In contrast,

lysyl-PG remains positively charged at all pH values (36) and

consequently should not change its melting behavior in the

studied pH range. Thus, the observed posttransitions (Fig. 2)

could be, in principle, related to the presence of DPPG. In-

deed, at pH 2.0, DPPG showed a melting transition temper-

ature very close to the posttransition peak, suggesting such a

correlation (Fig. 4). However, the Tm of DPPG rapidly ap-

proached the Tm of lysyl-DPPG as a function of pH (Fig. 4,

inset). Additionally, at pH 5.0 the posttransition peak exhibits

the same characteristics as at pH 2.0 (Fig. 2). Thus, DPPG-

enriched domains seem not to be the major contributors to the

posttransitional events, at least for pH $ 5.0.

In a next step we tested the influence of the degradation

products palmitic acid and lysine on the thermotropic be-

havior of lysyl-DPPG. The DSC scans showed in both cases a

splitting of the main-transition peak and an enhancement of

the posttransition enthalpy on account of the main transition

enthalpy (Fig. 5). At pH 5.0, the addition of palmitic acid had

a stronger effect on the posttransitions than the addition of

lysine. Lysine caused only a splitting of the main transition

peak, whereas palmitic acid enhanced the posttransition

events. Interestingly, our experiments with added palmitic

acid and lysine closely match our findings for different pH

values (compare Figs. 2 and 5). Addition of palmitic acid

showed a similar thermotropic behavior as measuring ‘‘pure’’

lysyl-DPPG at pH 2.0 and 5.0. This can be rationalized by the

fact that the hydrolysis of fatty acids is catalyzed under acidic

conditions. Thus, one might conclude that the observed ef-

fects at low pH values reported in Fig. 2 are mainly caused by

the presence of a free fatty acid, which are formed during the

hydration process. In fact, saturated fatty acids are known to

stabilize lipid bilayers leading to an increase of the Tm from

experimental studies on phosphatidylcholines (51–53). In

TABLE 1 Transition temperatures and enthalpies of the

pretransition (Tpre, Hpre), of the main-transition (Tm, Hm),

and of the posttransition (Tpost, Hpost) of lysyl-DPPG at

various pH values

pH

value

Tpre
(�C)

Hpre

(kcal/mol)

Tm
(�C)

Hm

(kcal/mol)

Tpost
(�C)

Hpost

(kcal/mol)

2.0 38.0 0.5 40.2 5.0 54.4 3.7

5.0 37.0 0.4 40.5 8.0 54.8 2.4

7.4 38.0 0.9 40.4 9.3 44.1 2.6

9.0 – – 40.4 2.6 43.0 8.0

FIGURE 3 Detection of degradation products of lysyl-DPPG before (i)
and after (ii) x-ray experiments at pH 5.0 compared with lysyl-DPPG

standard (iii); detection with molybdenic acid.

FIGURE 4 DSC heating scans for lysyl-DPPG (solid line) and DPPG

(dash-dotted line) at pH 2.0. Data taken from the first heating scans with a

scan rate of 0.5�C/min. The inset shows the pH dependence of the main

transition temperature (Tm) of lysyl-DPPG (d) and DPPG (h).
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this picture, the lyso-DPPG thereby generated would, be-

cause of its extreme cone-like molecular shape, dissolve into

the aqueous environment, where it most likely aggregates

into spherical micelles (54). At pH 9.0, in turn, there is no

hydrolysis of fatty acids, but the lysine group dissociates

from the PG headgroup. Therefore, we think that the splitting

of the main transition peak as we observed for lysyl-DPPG at

pH 9.0 is mainly influenced by the presence of lysine (Fig. 2).

Further DSC experiments showed that the presence of the

posttransition is also strongly dependent on the lipid storage

time, supported by the absence of posttransition events in

experiments at pH 5.0 with lysyl-DPPG after 2 months of

storage at �20�C and its presence in experiments at pH 5.0

after 3 months of storage (Fig. 6 A). Fig. 6 B shows the

thermograms for several consecutive heating scans at pH 5.0,

demonstrating the effect of thermal history. Although the

main transition peak was shifted only slightly to lower tem-

peratures, subsequent heating led to a significant decrease of

its enthalpy and a smearing out of the posttransitions. These

experiments strongly indicate the formation of degradation

products as a function of time and temperature. Thus, we may

conclude that the thermotropic behavior of lysyl-DPPG is pH

independent but is influenced by its degradation products,

whose formation depends on the pH of the aqueous solution

among other factors such as storage time, thermal history,

and hydration in particular. In any case, our DSC experiments

show that the lysyl-DPPG vesicles contain different domains,

which melt at different temperatures. The remaining question

is whether we are able to differentiate among the different

domains and thereby possibly identify pure lysyl-DPPG and

its overall properties.

To address this issue, we performed x-ray diffraction ex-

periments in the temperature range of 2�C to 60�C at pH 5.0.

The WAXS patterns of lysyl-DPPG as a function of tem-

perature are presented in Fig. 7. Below 40�C, we clearly

observed the superposition of two different chain packing

lattices originating from two different domains, very similar

to our recent results on distearoylphosphatidylglycerol (DSPG)

(42). At 15�C, the pattern consisted of two sharp and one

broad peak. Following a previous interpretation given by

Pabst et al. (42) for coexisting gel phase domains, the sharp

peak at q ¼ 1.47 Å�1 and the broad peak at q ¼ 1.52 Å�1

correspond to the (2,0) and the (1,1) reflection of tilted hy-

drocarbon chains of a Lb9 phase (55,56). The sharp peak at

q ¼ 1.52 Å�1, which occurred at the same position as the

broad peak, originates from a hexagonally packed acyl chain

that could result from an interdigitated phase LbI as in the

cases of DSPG (42) or dihexadecyl PC (57), for example. At

35�C, the WAXS pattern can be understood as a superposi-

tion of one sharp and one broad peak. The broad peak ap-

peared at q ¼ 1.49 Å�1 and can be assigned in combination

with the corresponding SAXS pattern (see below) and DSC

data (Table 1) to a ripple phase. The sharp peak at q ¼ 1.51

Å�1 appeared at almost the same position as the peak of the

hexagonally packed chains at 15�C and exhibited almost the

same width. This suggests that it originates from the same

phase. Finally, at 50�C, the system is not completely in the La

phase, as indicated by chain correlation peak. In this case,

however, the peak corresponds, to a single phase and can be

assigned to a ripple phase (see below). These findings agree

FIGURE 5 First DSC heating scans of lysyl-DPPG at pH 5.0 (black line)
and in the presence of 35 mol % palmitic acid (dark gray line) and 60 mol %

lysine (light gray line), respectively.

FIGURE 6 (A) First DSC heating scans for different lysyl-DPPG storage

times at pH 5.0. The black line represents lysyl-DPPG after 2 months of

storage, the dark gray line after 3 mo, and the light gray line after 10 months

of storage at �20�C. (B) Three heating scans of lysyl-DPPG at pH 5.0. The

black line represents the first heating scan, the dark gray line the second

heating scan, and the light gray line the third heating scan.
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well with our DSC results (Fig. 2) demonstrating the pres-

ence of two major phases below;40�C. At this temperature,

the phase with the larger correlation length (sharp peak)

melts, but the other phase persists (broad peak) up to;55�C,
above which no more WAXS peak could be observed (data

not shown).

Fig. 8 shows the corresponding SAXS patterns. At all

temperatures, we observed a diffuse and smooth modulation

of the scattered intensity, which originates from positionally

uncorrelated bilayers, possibly unilamellar vesicles. The

absence of positional correlations between bilayers can be

attributed to the positively charged lysyl-DPPG membranes,

leading to electrostatic repulsion. More interestingly, how-

ever, the scattered intensities showed no minimum between

the first and second side maxima at 15�C and 35�C. This
closely resembles our previous findings for DSPG (42) sug-

gesting the presence of an interdigitated phase that gives rise

to additional diffuse intensities at q-values around 0.2 Å�1,

corresponding to distances of ;30 Å. Other possible sce-

narios leading to this additional scattering would be the for-

mation of asymmetric bilayers (58,59), in-plane correlated

lipid domains, or a short-wavelength bilayer modulation

(42). However, if the system displays asymmetric bilayers, it

is very unlikely that the two bilayer leaflets exhibit inde-

pendent melting as observed in our DSC experiments (Figs.

2, 5, and 6). Correlated in-plane domains, on the other hand,

can also be discarded in view of their overall domain size of

;140 Å, determined from the wide-angle peak widths (Fig.

7), being much larger than the 30 Å deduced from the SAXS

patterns. Finally, a 30 Å wavelength modulation gives no

significant contribution to the scattered intensity of posi-

tionally uncorrelated bilayers, as discussed previously (42).

This leaves us with the scenario of coexisting LbI and gel

phase domains below 40�C, which is strongly supported by

the observed WAXS patterns (Fig. 7). The corresponding

electron density profiles, obtained from the global fits, are

presented in Fig. 8 B. Above 40�C, the SAXS pattern clearly

exhibited a minimum between the first and second side

maxima of the scattered intensity (Fig. 8 A). This does,

however, not imply the presence of a single, uniform phase.

The original LbI domains melt at ;40�C and therefore in-

crease significantly in membrane thickness. In fact, they will

display a membrane thickness that is very close to that of the

coexisting ripple phase domain. Thus, their contribution gets

averaged out in the scattering experiment over the whole

sample, yielding SAXS patterns that appear as if they would

be created by a single phase.

FIGURE 7 WAXS patterns of lysyl-DPPG at various temperatures. At

15�C the Lb9 (dashed lines) and interdigitated phases LbI (dash-dotted line)

coexist. The peaks can be ascribed to the (2,0)b9 and (1,1)b9 peak of the Lb9

phase and the (1,1) peak of the LbI phase. During heating the Lb9 phase

disappears, and at 35�C coexistence of the LbI (dash-dotted line) and a Pb9
(dotted line) phase is observed. At 50�C the wide-angle pattern indicates a

Pb9 phase.

FIGURE 8 (A) SAXS patterns of lysyl-DPPG (pH 5.0) at various tem-

peratures. At 15�C and 35�C Lb9 phase and LbI phases coexist as evident by

the additional intensity at q ; 0.2 Å�1 indicated by the arrow. Solid lines

correspond to best global fits. Dashed lines at 15�C and 35�C show the fit

results using a single bilayer model, which show no satisfactory agreement

with the experimental data. At 50�C, the SAXS pattern could be fitted with a

single component model (solid line). (B) Corresponding electron-density

profiles (solid line, noninterdigitated phase; dashed line, interdigitated

phase).
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Fig. 9 A shows the head-to-headgroup distance, dHH, de-
termined from the global fits to the SAXS patterns over the

complete temperature range studied. The dHH value of the Lb9

phase remained more or less constant below the pretransition

temperature Tpre. The slight increase between Tpre and Tm
together with the corresponding WAXS pattern (Fig. 8 A)
strongly suggests the presence of a ripple phase, Pb9, which

will yield an artificial increase of the membrane thickness

because of its long wavelength modulation as discussed

previously (42). The dHH value of the interdigitated phase

was close to 30 Å and remained constant below the Tm. Fig. 9
B shows the apparent fraction of the LbI phase as a function of

temperature. We have at present no explanation for the ob-

served increase of fI between 20�C and 35�C. More im-

portant, however, in the present context is the observed fI

decrease above 35�C signifying a melting of the LbI domains

in agreement with our DSC data (Fig. 2). Additionally, we

calculated the lateral area per chain from the WAXS peak

positions obtaining ;20 Å2, yielding A ; 80 Å2 for the LbI

phase.

Above the Tm, dHH showed a continuous decrease, previ-

ously observed for many phospholipid-water systems, that is

usually attributed to the melting of the hydrocarbon chains

(42,46). In the present case the situation is, however, more

complex because of the coexistence of gel (Pb9) and La phases.

The detected membrane thickness is therefore given by a

sample average over the two coexisting domains, which can-

not be separated and therefore appear as a uniform structure.

Having in mind that the coexisting domains possibly dis-

play different surface charge densities, we have performed

SWAXS experiments with increasing NaCl concentrations

to 300 mM and 1 M. If our assumption were true, increase

of ionic strength could be expected to lead to differential

screening of the electrostatic repulsion for the coexisting

structures. Indeed, we observed Bragg peaks at both salt

concentrations (Fig. 10), signifying positional correlations

between the lipid bilayers in contrast to the pure diffuse

scattering at 130 mM NaCl (Fig. 8). We were able to index

these Bragg peaks on a single lamellar lattice of d; 88 Å. At

the same time we also observed additional diffuse scattering

around wave vectors of 0.2 Å�1 (Fig. 10). From our exper-

iments at low salt content (Fig. 8), we suggest that this par-

ticular contribution to the scattered intensity is caused by the

presence of an LbI phase. Consequently, increasing NaCl

content progressively screens electrostatic repulsion of the

noninterdigitated bilayer, and the LbI bilayers remain posi-

tionally uncorrelated. This notion is also confirmed by the

good agreement of a global fit to the x-ray scattering data

(Fig. 10). Moreover, we found from DSC scans that the

transition temperatures are not significantly affected by the

presence of higher salt amounts (data not shown). Addi-

tionally, the membrane thickness of all phases is influenced

by increasing NaCl content (Fig. 9 A). Thus, we modified

only positional correlations significantly but not the overall

membrane structure and thermotropic behavior by increasing

the ionic strength of the aqueous solution.

This result is of particular importance in showing that the

coexisting domains behave, to a large extent, independently.

Thus, they are not only phase separated but also not coupled

to each other. This allows us to address them independently.

FIGURE 9 (A) Temperature dependence of dHH of the noninterdigitated

phase (circles) and the interdigitated phase (squares) of lysyl-DPPG at pH

5.0 in the presence of 130 mMNaCl (solid symbols), 300 mMNaCl (shaded
symbols), and 1 M NaCl (open symbols). (B) Apparent percentage of

interdigitation (fI (%)) during heating in the presence of 130 mM NaCl.

FIGURE 10 SAXS pattern of lysyl-DPPG (pH 5.0) in the presence of 1 M

NaCl at 25�C. The arrows indicate the first and second order of a lamellar

structure (d ¼ 88.2 Å). Additionally, there is diffuse scattering around q ;
0.2 Å�1 (circled region) indicating the presence of interdigitated bilayers.
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The LbI phase is most likely dominated by pure lysyl-DPPG,

which can be rationalized in view of its large polar head with

the attached lysine group (Fig. 1), which in this way is able to

accommodate parallel to the lipid surface because of packing

constraints between the headgroups and the hydrocarbon

chains (see Pabst et al. (42) and references therein). Similarly,

other lipids with large headgroups have also been found to

form interdigitated phases (60,61).

We think the second domain is the one that is mostly af-

fected by the degradation products and displays the phase

sequence Lb9, Pb9, La as a function of temperature. From the

SAXS data analysis, we estimated an average hydrocarbon

chain tilt angle, ut, of ;10� (see Materials and Methods),

which is small compared with its usual value in phosphati-

dylcholines (44) or PGs (42). Recently, a similarly low value

was reported for cardiolipin in the subgel phase (47). Using

the WAXS peak positions, we further calculated the lateral

area per lipid, obtaining 42 Å2. This value is again rather

small compared with other lipids. For DPPG, we previously

found an area per lipid of 46.7 Å2 (42), and 47.2 Å2 was

reported for phosphatidylcholines (44). However, we know

from HPTLC experiments about the presence of free fatty

acids (Fig. 5) at pH 5.0. It is highly feasible that these free

fatty acids modify the balance between headgroup and hy-

drocarbon chain areas by increasing the latter quantity. In

some way, this may be viewed as filling up the voids that

would be created if the lysyl-DPPG lipids were forced to

orient their chains vertically with respect to the membrane

surface in a noninterdigitated bilayer. The second effect of

accumulated fatty acids is the stabilization of the bilayer,

which leads to a higher transition temperature (Fig. 2). Al-

though this seems to be the most dominant effect, we cannot

exclude a possible influence from free lysine and lyso-DPPG.

CONCLUSION

Under the present experimental conditions, lysyl-DPPG

showed a highly complex melting behavior. We observed a

pretransition between 37�C and 38�C, a main transition be-

tween 40.2�C and 40.5�C, and posttransitions that varied

most significantly. By use of HPTLC, the degradation pro-

ducts have been identified as lysine, palmitic acid, lyso-

DPPG, and DPPG (see Fig. 3), where free lysine was already

present in the lysyl-DPPG stock. In DSC experiments, which

should show the influence of the individual degradation

products at pH 5.0, lysine led to a splitting of the main

transition of lysyl-DPPG but no additional posttransitional

events, very similar to our observation for lysyl-DPPG at pH

9.0. Because the lysine group can easily dissociate from the

PG headgroup (35) under alkaline conditions, whereas hy-

drolysis of fatty acids is hampered, we suggest that lysine

affects the thermotropic behavior of lysyl-DPPG most

prominently at pH 9.0. On the other hand, at pH 2.0 the

hydrolysis of fatty acids is catalyzed, but the lysine group is

stabilized. This is consistent with our experiments on lysyl-

DPPG on the addition of palmitic acid at pH 5.0. There too

we found a splitting of the main transition, but the additional

posttransitional events were more distinctive. Thus, the

thermotropic behavior of lysyl-DPPG is pH independent but

depends on its degradation products, which have a pH de-

pendence. Additionally, the formation of degradation pro-

ducts is a matter of storage time, hydration, and thermal

history (Figs. 3 and 6).

Variation of NaCl content in the aqueous buffer allowed us

to demonstrate that lysyl-DPPG forms two major domains,

which can be regarded as phases, as they have no effect on

each other’s overall properties. Thus, the posttransitional

events could be related to bilayers forming an Lb9 phase

below 37�C and a Pb9 phase up to its melting, which depends

on the content and nature of the various lysyl-DPPG degra-

dation products. The major part of the sample most likely

formed an interdigitated phase at low temperatures and un-

derwent a chain-melting transition at;40�C. We think that

this phase corresponds to pure lysyl-DPPG, although we

can not exclude the presence and influence of impurities.

The interdigitated phase can be explained by the large

headgroup area of lysyl-DPPG-attached lysine group to the

PG-headgroup (Fig. 1), considering that the headgroup is

arranged parallel to the lipid bilayer plane. In summary, we

derived the following structural parameters for the LbI

phase: dHH ; 28.5 Å, dC ; 20.5 Å, A ; 80 Å2, implying

;20 Å2 per hydrocarbon chain.

Thus, although lysyl-PGs are inherently instable, as known

from previous studies (25,35), we have been able to identify

and determine their macromolecular aggregation properties

and thermotropic behavior. A direct outcome of this study is

the delicate interplay of pH and the degradation products

formed with lysyl-DPPG bilayers. Nevertheless, our present

work also demonstrates pathways that make it possible to

address the properties of lysyl-PGmodel membranes directly.

The propensity of lysyl-PG to adopt an interdigitated lipid

structure may have some implications for the interaction with

AMPs. Recently, we have shown that several membrane-

active peptides induce a peptide-associated quasiinterdigi-

tated phase where the hydrocarbon chains are shielded from

water by the peptide in the gel phases of negatively charged

PG and in long-chain PC model membranes (43). It has been

suggested that, although this structure was observed only in

the gel phase, its effects may propagate into the physiologi-

callymore relevant fluid phase in terms ofmembrane thinning

and membrane perturbation. Current efforts in our laboratory

are devoted to investigate whether this assumption also holds

for peptides acting on lysyl-PG bilayers. These studies will be

of interest with respect to the design of novel AMPs targeting

lysyl-DPPG.
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