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A B S T R A C T   

Detergents are valuable tools to extract membrane proteins for biophysical, biochemical, and structural scrutiny. 
The detergent-driven solubilization of bilayers made from a single lipid species is commonly described in terms 
of pseudo-phase diagrams and a three-stage model accounting for three ranges comprising (i) intact vesicles, (ii) 
vesicle/micelle co-existence, or (iii) mixed micelles. Moreover, the pseudo-phase boundaries thus determined 
can often be quantitatively rationalized in terms of the molecular shapes of the lipid and the detergent used. Yet, 
it has remained unclear to what extent this approach can be applied to multi-component lipid membranes that 
more closely mimic the compositional complexity of cellular membranes. Here, we studied how lipid mixtures 
composed of palmitoyl oleoyl phosphatidylethanolamine (POPE), palmitoyl oleoyl phosphatidylglycerol (POPG), 
and tetraoleoyl cardiolipin (TOCL) are solubilized by the commonly used zwitterionic detergent laur
yldimethylamine N-oxide using isothermal titration calorimetry. While phase diagrams of the diverse lipid 
mixtures showed the typical ranges of the three-stage model, we found that POPG-rich POPE/POPG bilayers are 
more difficult to solubilize than POPG-poor POPE/POPG bilayers. In turn, POPE/POPG/TOCL bilayers became 
increasingly resistant to detergent with increasing TOCL content. Since POPG is nearly cylindrically shaped and 
TOCL adopts inverted cone-like shapes under current buffer conditions, our solubilization data do not align with 
shape-based arguments. Instead, additional electrostatic interactions between lipids and detergents lead to non- 
additive mixing behavior affecting the resilience of complex lipid bilayers against solubilization.   

1. Introduction 

Elucidating the structures and functions of membrane proteins re
mains one of the largest challenges in the life sciences. Common stra
tegies for gaining insights into the structures and functions of membrane 
proteins involve isolating the protein of interest from its native mem
brane and reconstituting it into synthetic lipid bilayers of well-defined 
composition [1,2]. Traditionally, detergents have been widely exploi
ted for this purpose [3]. Recently, polymer-based nanodiscs have 
attracted significant attention for membrane-protein extraction while 
avoiding the need to remove the protein from its native lipid environ
ment [4–6]. Still, detergents are often used for membrane-protein 
extraction prior to reconstitution into lipid vesicles [7]. 

The choice of model membrane into which membrane proteins are 
reconstituted is delicate and requires balancing experimental tracta
bility with physiological relevance. This aspect is particularly subtle in 

view of the large body of evidence for both specific and unspecific in
teractions between lipids and proteins [8–10]. That is, membrane- 
protein function in general depends on the lipid composition of the 
chosen synthetic membrane. For example, different proteolytic activities 
were recently reported for an integral enzyme in phosphatidylcholine 
and phosphatidylethanolamine/phosphatidylglycerol bilayers [11]. Of 
particular interest is the use of lipid mixtures for more advanced mimics 
of natural membranes [12]. However, only little is known about the 
interactions of detergents with lipid mixtures. Mostly such research ef
forts are focused on the differential solubilization of mixtures forming 
cholesterol-enriched lipid domains (for review see, e.g. [13]). 

Two previous reports addressed the detergent-induced vesicle-to- 
micelle transition in binary mixtures of zwitterionic and anionic phos
pholipids [14,15]. The observed behavior was in good agreement with 
the three-stage model put forward by Helenius and Simons [16]. Ac
cording to this model, detergent-lipid phase diagrams are described in 
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terms of pseudo-phases comprising (i) the vesicle range, where deter
gent partitions into the bilayer phase, (ii) the coexistence range con
taining both mixed micelles and vesicles, and (iii) the micellar range, 
where all vesicles are fully dissolved and only mixed micelles of varying 
lipid-detergent composition are left. Both of the above-mentioned 
studies on lipid mixtures report that the molecular shapes of lipid and 
detergent—and the resulting spontaneous monolayer curvatures—are 
the dominant contributions governing the transformation of vesicles 
into micelles [14,15]. In brief, detergents impose positive spontaneous 
monolayer curvature stress upon partitioning into the lipid membranes, 
leading to their destabilization [17]. Such shape-based arguments are 
simple yet powerful tools to rationalize the vesicle-to-micelle transition 
and, therefore, are broadly applied to interpreting the thermodynamics 
of detergent/lipid mixtures [13]. 

Here, we studied interactions of palmitoyl phosphatidylethanol
amine (POPE), palmitoyl phosphatidylglycerol (POPG), and tetraoleoyl 
cardiolipin (TOCL) mixtures with the zwitterionic detergent laur
yldimethylamine N-oxide (LDAO). All three phospholipids are abundant 
in bacteria [18] and, thus, are frequently used to mimic bacterial 
membranes (see, e.g. [19,20]). Applying isothermal titration calorim
etry (ITC), we derived the phase diagrams of LDAO-POPE/POPG and 
LDAO-POPE/POPG/TOCL mixtures over a broad range of lipid 
compositions. 

In general, we find that POPE/POPG/TOCL bilayers are more resil
ient to LDAO than POPE/POPG mixtures. Moreover, increasing the 
TOCL content in POPE/POPG/TOCL mixtures, i.e., increasing negative 
monolayer spontaneous curvature contributions, further enhances this 
resilience. Strikingly, the stability of POPE/POPG membranes also 
increased with increasing POPG content, i.e., upon shifting spontaneous 
monolayer curvatures toward positive values. Our results thus do not 
align with commonly accepted shape-based arguments for detergent- 
lipid interactions. Instead, it appears that more complex interactions, 
presumably of electrostatic nature, would additionally need to be 
considered. 

2. Materials and methods 

2.1. Sample preparation 

POPE, POPG, and TOCL were obtained from Avanti Polar Lipids 

(Birmingham, AL) and were used without further purification. LDAO 
was from GLYCON Biochemicals (Luckenwalde, Germany); see Fig. 1 for 
the corresponding chemical structures. All other chemicals, including 
tris(hydroxymethyl)aminomethane (TRIS), ethylenediaminetetraacetic 
acid (EDTA), NaCl, CHCl3, and CH3OH were purchased from Carl Roth 
(Karlsruhe, Germany) in pro analysis quality. 

Stock solutions were prepared by dissolving weighed amounts of 
lipids in CHCl3/CH3OH (9:1 vol/vol), and aliquots thereof were mixed to 
obtain the desired phospholipid molar ratios. These solutions were 
subsequently dried using a gentle stream of N2, followed by incubation 
in vacuum for at least 8 h. Large unilamellar vesicles (LUVs) were ob
tained by (i) dispersing the dry lipid films in buffer solutions using 
intermittent vigorous vortex mixing at room temperature followed by 
(ii) passing the lipid dispersions 31 times through polycarbonate filters 
(pore size: 100 nm) using a hand-held mini-extruder (Avanti Polar 
Lipids). All lipid mixtures were dispersed in Tris-EDTA (TE) buffer (20 
mM Tris, 2 mM EDTA, pH 8.3). Lipid concentrations of stock solutions 
and LUV dispersions were determined using a phosphate assay [21]. 
Formation of LUVs with a narrow size distribution was monitored by 
dynamic light scattering using a Zetasizer Nano ZSP (Malvern Pan
alytical, Worcestershire, UK). 

2.2. Differential scanning calorimetry (DSC) 

DSC measurements were performed using a Nano-DSC high-sensi
tivity differential scanning calorimeter (TA Instruments, New Castle, 
DE). Scans of 1 mg/mL lipid concentration were recorded at a constant 
rate of 0.5 ◦C/min. Five heating/cooling cycles were conducted for each 
measurement. Data were analyzed using NanoAnalyze (TA Instruments) 
including normalization for phospholipid concentration and baseline 
correction. 

2.3. Isothermal titration calorimetry (ITC) 

ITC experiments were performed using a NanoITC (TA Instruments), 
consisting of 190 μl sample and reference cells and an injection syringe 
of 50 μl volume. All ITC scans were obtained at 25 ◦C, which is above the 
melting temperature of all studied lipid systems, as confirmed by DSC 
(supporting Fig. S1); 75 injections (0.66 μl each; waiting time: 900 s) and 
a stirring rate of 310 rpm were used throughout. Baseline subtraction 
and data integration were performed with NanoAnalyze (TA In
struments); further analysis was done using Microsoft Excel and Origin 
7.0 (OriginLab Corporation, Northampton, MA). 

Lipid/LDAO phase diagrams were established via solubilization (S) 
and reconstitution (R) scans as illustrated in Fig. 2, following previous 
reports [3,22,23]. In S-experiments, detergent solution was titrated into 
the lipid solution, whereas the lipid solution was titrated into detergent 
LDAO solutions in R-experiments. The used concentrations of lipids and 
detergent in the cell and in the syringe for the two types of experiments 
are listed in Table S1. The integrated heats Q were background- 
corrected and used to determine the phase boundaries for a given S or 
R trajectory. Specifically, the transitions from vesicle to coexistence 
ranges (SAT) and from coexistence to mixed micelle range (SOL) were 
derived from the center of error functions fitted to the Q-curves (see 
example in Fig. 2B). This allowed us to extract phase boundaries for both 
S and R trajectories with high precision, i.e., with relative errors <1%. 
However, to account for additional contributions in experimental un
certainty (e.g. instrumental settings), we assigned to each boundary 
value an uncertainty equal to the average LDAO and lipid concentration 
increments in the vicinity of the SAT/SOL transitions. This resulted in 
relative errors of 3 − 7%. 

The resulting phase diagrams displayed three ranges (bilayers, co- 
existence of bilayers and micelles, and only mixed micelles) [16] and 
were analyzed in terms of a previously reported model [24,23,25,22]. 
That is, the three ranges are taken to contain different pseudo-phases 
assuming ideal mixing in all of these pseudo-phases. Then, the SAT 
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Fig. 1. Chemical structures of all lipids and the detergent used in this study.  
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and SOL phase boundaries should depend linearly on the lipid concen
tration cL 

cSAT
D = RSAT

D ⋅cL + caq,SAT
D

cSOL
D = RSOL

D ⋅cL + caq,SOL
D ,

(1)  

where cD
SAT/SOL corresponds to the maximum detergent concentrations 

tolerated by bilayers (SAT) or leading to their complete solubilization 
(SOL), respectively. Further, RD

SAT/SOL are the slopes of the SAT and SOL 
pseudo-phase boundaries and cD

aq, SAT/SOL refer to their intercepts, which 
give the concentration of detergent monomers in the aqueous phase in 
the presence of lipids in the limit cL → 0. In the case of ideal mixing, cD

aq, 

SAT = cD
aq, SOL = cD

aq, 0 [25]. Although deviations from ideal mixing can be 
expected for the present systems, we found that cD

aq, SOL was only less 
then 10% larger than cD

aq, SAT (data not shown). Moreover, analyzing 
data with either a single common intercept or two intercepts yielded 
slopes that were comparable within experimental uncertainty. We 
therefore chose a common intercept, defined as cD

aq, 0 = CMC ⋅ RD
SOL/(1 +

RD
SOL), for fitting both SAT and SOL boundaries. Here, CMC is the critical 

micelle concentration, which was reported previously to be 1.94 mM for 
LDAO at 25 ◦C [22]. For each data set, we thus performed a linear 
regression of the SOL boundary with the slope as the single adjustable 
parameter, and consequently calculated and fixed cD

aq, 0 in order to fit the 
SAT boundary. Note that data from S and R experiments were combined 
to perform each fit. 

Fitting the phase boundaries then allows to determine the parti
tioning coefficients 

Km→b
L =

1 + RSOL
D

1 + RSAT
D

Km→b
D =

RSAT
D

RSOL
D

⋅Km→b
L

Kaq→m
D =

cw

caq,0
D

Kaq→b
D =

RSAT
D

1 + RSAT
D

⋅Kaq→m
D ,

(2)  

where cw = 55.5 M is the molar concentration of water at 25 ◦C. The 
individual constants describe partitioning of (i) lipid and detergent be
tween the micellar and the bilayer phase KL

m→b, and KD
m→b, respectively; 

(ii) detergent from the aqueous phase to the micellar phase KD
aq→m; and 

(iii) detergent into the bilayer phase KD
aq→b. The corresponding Gibbs 

energies of transfer then simply follow from ΔGi
∘ = − kBT ln Ki, where kB 

is Boltzmann’s constant. Error values for RD
SAT and RD

SOL were obtained 
from the error-weighed linear regressions, and then propagated to cD

aq, 0, 
K and ΔG∘ values. 

−4

−2

 0

 2

 4

 6

 0  1  2  3  4  5  6  7

A

R
aw

 H
ea

t R
at

e 
(µ

J/
s)

Time (s) (×104)

−200

−150

−100

−50

 0

 50

 1  2  3  4  5  6  7

B

SAT SOL

Q
 (
µJ

)

cLDAO (mM)

Fig. 2. Solubilization of 1 mM POPG LUVs in TE buffer with 50 mM LDAO; for raw ITC data of other studied lipid systems, see Fig. S2 – S5. Panel A shows the raw 
thermogram and panel B the corresponding integrated heats. The error functions used to determine the phase boundaries are shown as green solid line for SAT and 
blue dotted line for SOL. Open circles indicate the transition mid-points. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

 0

 10

 20

 30

 0  1  2  3  4  5  6

A
C

LD
A

O
 (

m
M

)

CL (mM)

 0

 10

 20

 30

 0  1  2  3  4  5  6

B

C
LD

A
O

 (
m

M
)

CL (mM)

Fig. 3. Phase diagram of pure POPG (A) and POPE:POPG 1:1 mol/mol (B). Blue 
dots describe solubilization boundaries, while saturation lines correspond to 
green squares (full and empty symbols refer to solubilization and reconstitution 
scans, respectively). Data were fitted with Eq. 1 and the gray bands show 95% 
confidence intervals of the associated uncertainties. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

N. Angerer et al.                                                                                                                                                                                                                                



Biophysical Chemistry 296 (2023) 107002

4

3. Results 

3.1. Interactions with single-component membranes 

We started our analysis of lipid/LDAO interactions with single- 
component LUVs composed of either POPG or TOCL. Fig. 3A shows 
the phase diagram derived for POPG (for TOCL, see Fig. S6); all results 
are reported in Table 1. Comparing the slopes of the saturation bound
aries (RD

POPG, SAT = 2.94 ± 0.16; RD
TOCL, SAT = 5.00 ± 0.13) as well as 

those of the solubilization boundaries (RD
POPG, SOL = 3.9 ± 0.2; RD

TOCL, SOL 

= 11.6 ± 0.4) we find that TOCL is able to tolerate more LDAO in bi
layers than POPG. In particular, the mole fraction of LDAO needed to 
solubilize POPG membranes XD

SAT = RD
SAT/(1 + RD

SAT) is about 0.62, 
whereas the lowest detergent mole fraction in micelles required before 
forming POPG/LDAO bilayers XD

SOL = RD
SOL/(1 + RD

SOL) is ~0.81. Instead, 
XD

SAT ≃ 0.83 and XD
SOL ≃ 0.92 for TOCL. 

The higher stability of TOCL bilayers against LDAO primarily results 
from the partition coefficients of the lipid from the micellar phase into 
the bilayer phase (Table 2). Specifically, KL

m→b of TOCL bilayers is about 
1.7 times higher for TOCL than for POPG bilayers. Consequently, the 
Gibbs energies of transfer ΔGL

∘, m→b are more negative for TOCL, i.e. 
more favorable. 

3.2. Interactions with binary and ternary lipid mixtures 

In the next step, we studied the interactions of LDAO with POPE/ 
POPG mixtures. Specifically, the mole fractions of POPE in POPG bi
layers varied from 25 to 90 mol%. Calorimetric data also revealed linear 
dependencies of the SAT and SOL boundaries on the lipid concentration, 
although the co-existence range of micelles and bilayers was broader 
than for single-component LUVs (Fig. 3B, Fig. S7). Further, the agree
ment of phase boundaries determined in solubilization and reconstitu
tion experiments was somewhat lower. This led to higher uncertainties 
for RD

SAT and RD
SOL and, consequently, also for the partition coefficients 

and the Gibbs energies of transfer (Tables 1,2). Fig. 4A reports the 
changes in Gibbs energies associated with transferring LDAO or lipids 
between the three pseudo-phases. 

Overall, we observed small but distinct changes in the ΔGi
∘ values 

upon changing the lipid composition. By contrast, the Gibbs energy of 
transferring LDAO to micelles remained virtually constant (ΔGD

∘, aq→m ~ 
− 10.4 kBT). The difference between ΔGD

∘, aq→m and ΔGD
∘, aq→b was 

highest at 90 mol% POPE but decreased slightly with increasing POPG 
content. Strikingly, ΔGL

∘, m→b had a maximum for pure POPG bilayers 
and was lowest at xPOPG = 0.75, i.e., increased again when lowering 
POPG content. Repeating experiments with freshly prepared samples 
reproduced the low ΔGL

∘, m→b-value at xPOPG = 0.75. Lipid transfer from 
micelles to bilayers thus follows non-monotonous behavior, and POPE/ 
POPG (1:3 mol/mol) mixtures are more resilient to LDAO than both pure 
POPG bilayers and POPE/POPG mixtures enriched in POPE. Most likely, 

this is due to enthalpic effects related to non-ideal mixing. 
To study the behavior of ternary lipid mixtures mimicking bacterial 

membranes, we kept the mole fraction of POPE constant at 82 mol% and 
varied the POPG/TOCL molar ratio. Upon increasing the TOCL content, 
we observed an increase in RD

SAT and RD
SOL (Fig. S8). This indicates that 

TOCL-enriched membranes are less readily solubilized by LDAO than 
POPE/POPG/TOCL mixtures with high POPG/TOCL molar ratios, as 
mirrored also in the decrease of ΔGL

∘, m→b with TOCL (Fig. 4B). The Gibbs 
energies of transfer of LDAO from either micelles or buffer to bilayers 
(ΔGD

∘, m→b, ΔGD
∘, aq→b) in turn do not show significant changes upon 

increasing TOCL content. 

3.3. Discussion 

We studied the LDAO-induced solubilization thermodynamics of 
LUVs composed of POPG, TOCL, and mixtures of POPE/POPG and 
POPE/POPG/TOCL using ITC. All experiments were performed within 
the fluid lamellar phase (Fig. S1) in order to avoid additional effects 
from interactions of LDAO with gel-phase membranes [13]. All LDAO- 
lipid phase diagrams displayed linear dependencies of the saturation 
and solubilization phase boundaries on lipid concentration and were 
analyzed in terms of the three-stage model of solubilization [3,22,23]. In 
particular, we focused exclusively on the transfer Gibbs energies of 
detergent and lipids between the aqueous, micellar, and bilayer phases. 

It is instructive to compare the present results with an analogous 
study on POPC [22], i.e. same detergent and experimental conditions. 
While ΔGD

∘, aq→b and ΔGD
∘, m→b displayed similar values as reported for 

POPC [22], the other Gibbs energies of transfer showed interesting lipid- 
specific values. In particular, we find that ΔGTOCL

∘, m→b < ΔGPOPC
∘, m→b(= −

0.42kBT) < ΔGPOPG
∘, m→b (Table 2). That is, lipid transfer from micelles to 

bilayers is least favorable for POPG, followed by POPC and TOCL, or, in 
other words, the resilience of bilayers against micellization by LDAO 
follows the order TOCL > POPC > POPG. We did not study pure POPE. 
However, ΔGL

∘, m→b = − 0.69 kBT in POPE/POPG (9:1 mol/mol) mix
tures (Fig. 4A), which is close to the corresponding ΔG∘-value for TOCL 
(Table 2). Thus, we expect that ΔGPOPE

∘, m→b ≈ ΔGTOCL
∘, m→b. 

The process of micellization of lipid membranes by detergents has 
been categorized into (i) membrane fragmentation by rapidly inserting 
and translocating amphiphiles, and (ii) membrane solubilization, i.e., 
extracting phospholipids from the outer leaflet into micelles, for non- 
flipping detergents [26]. LDAO rapidly translocates membranes [26] 
and, hence, most likely will follow the first of the two described sce
narios upon partitioning into lipid membranes. The mechanism of 
vesicle-to-micelle transition is typically discussed as an interplay of 
monolayer elasticities (bending rigidity, Gaussian curvature modulus, 
spontaneous curvature) and entropy [17]. In particular, spontaneous 
monolayer curvature, J0, i.e., the tendency of lipid monolayers to curve 
toward or away from the aqueous interface, enters quadratically and, 
hence, makes a dominant contribution to its elastic behavior. Detergents 
such as LDAO are well-known to prefer positive curvatures, whereas 
phospholipids may also have negative J0-values. 

Determination of J0 is, however, far from trivial. The most commonly 
applied approximation is to calculate J0 using shape-based arguments 
from the average of the intrinsic lipid curvatures, i.e., J0 ≈ 〈C0

i 〉, where 
the superscript ‘i’ refers to a given lipid species. C0 can be derived 

Table 1 
Fitting results for LDAO–lipid phase diagrams.   

RD
SAT RD

SOL cD
aq, 0 (mM) (1) 

PE:PG    
0:1 2.87 ± 0.17 4.1 ± 0.2 1.56 
0.33:1 3.0 ± 0.4 8.5 ± 0.8 1.74 
1:1 1.88 ± 0.06 4.31 ± 0.11 1.58 
3:1 2.86 ± 0.10 5.4 ± 0.5 1.64 
9:1 1.89 ± 0.06 4.48 ± 0.19 1.59 
TOCL     

4.99 ± 0.15 12.0 ± 0.5 1.79 
PE:PG:CL    
82:12:6 2.12 ± 0.05 4.9 ± 0.3 1.61 
82:9:9 2.06 ± 0.06 4.9 ± 0.3 1.61 
82:6:12 1.88 ± 0.11 5.2 ± 0.2 1.63 
82:3:15 2.55 ± 0.10 6.2 ± 0.3 1.67 

(1) The associated relative standard deviations is <1%. 

Table 2 
Partition coefficients and Gibbs energies in units of kBT for LDAO in single- 
component bilayers.   

KD
aq→b KD

m→b KL
m→b 

POPG 26,400 ± 700 0.92 ± 0.18 1.31 ± 0.11 
TOCL 25,800 ± 200 0.90 ± 0.12 2.17 ± 0.13  

ΔGD
∘, aq→b ΔGD

∘, m→b ΔGL
∘, m→b 

POPG − 10.18 ± 0.03 0.1 ± 0.2 − 0.27 ± 0.09 
TOCL − 10.16 ± 0.01 0.20 ± 0.14 − 0.77 ± 0.06  
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experimentally from inverted hexagonal phases using small-angle X-ray 
scattering [27,28] and reflects the curvature property, i.e., shape, of a 
single lipid molecule. For instance, POPE has a highly negative C0, 
consistent with the formation of highly curved inverted hexagonal 
structures at high temperatures [29]. POPG and TOCL, in turn, do not 
exhibit such phases, suggesting intrinsic lipid curvatures close to zero. 
However, pairwise interactions in lipid mixtures containing different 
headgroups may lead to distinct effects on effective lipid shape leading 

to so-called non-additive mixing [30]. For example, J0 > 〈C0
i 〉 for mix

tures enriched in sphingomyelin due to H-bonding [31], but also elec
trostatic interactions between headgroups in lipid mixtures may lead to 
significant deviations from the above approximation. Additionally, in
teractions of lipids with buffer ions may modify J0 and C0 [32]. Indeed, 
we found that the buffer conditions similar to those used here shift 
intrinsic curvature values of TOCL from slightly positive toward nega
tive values [33], suggesting a screening of electrostatic headgroup 
repulsion. This means that the effective cardiolipin headgroup area 
decreases in the presence of buffer ions, ‘revealing’ a cone-like lipid 
shape due to the now dominating contributions of the four hydrocarbon 
chains. 

Assuming fully screened electrostatic interactions, we calculated the 
spontaneous monolayer curvatures of the lipid mixtures J0

L from the 
molecular averages of individual lipid curvatures. In particular, we used 
C0

TOCL = − 0.98 nm− 1, C0
POPG = − 0.04 nm− 1, and C0

POPE = − 0.29 nm− 1 

[33]. This allowed us to test whether our systems follow the empirical 
relation [13]. 

XSAT
D ≈

JL
0

JD
0
, (3) 

i.e., the molar fraction of detergent needed to solubilize bilayers 
approximately equals the ratio of spontaneous curvatures of the lipid 
mixture and detergent. The spontaneous monolayer curvature of LDAO 
can be estimated from size measurements of their micellar aggregates 
[34] to be J0

D = 0.385 nm− 1. Plotting XD
SAT as a function of J0

L/J0
D (Fig. 5) 

shows a pronounced non-monotonous behavior, in clear disagreement 
with Eq. 3. Moreover, J0

L increases linearly in POPE/POPG mixtures 
(Fig. 5A, insert), while XD

SAT shows strong fluctuations. Instead, the 
amount of LDAO needed to solubilize lipid bilayers decreases with the 
TOCL content in POPE/POPG/TOCL mixtures up to 82:6:12 (mol/mol/ 
mol), but reincreases for 82:3:15 (mol/mol/mol) (Fig. 5B, insert). 

We thus conclude that buffer ions do not sufficiently screen non- 
additive mixing effects emerging from electrostatic interactions. 
Instead, the non-linear behavior of XD

SAT with either POPG or TOCL 
concentration suggests that electrostatic interactions between LDAO and 
POPG/TOCL headgroups dominate the membrane solubilization pro
cess. Additionally, we cannot exclude that intermolecular H-bonds due 
to the presence of POPE, or ion-specific interactions, e.g. preferential 
adsorption of TRIS, further potentiate non-additive curvature mixing 
effects. 

3.4. Conclusion 

Studying the interactions of the zwitterionic detergent LDAO with 
lipid mixtures of POPE, POPG, and TOCL, we find a qualitative agree
ment with the three-stage model of detergent-induced membrane solu
bilization [24]. However, the stability of bilayers composed of these 
mixtures toward solubilization by LDAO does not quantitatively follow 
simple shape-based arguments. Instead, our study emphasizes the need 
to consider additional headgroup interactions, which lead to non- 
additive curvature mixing effects. For the systems studied here, we 
speculate that attractive or repulsive electrostatic forces between lipid 
and detergent molecules significantly stabilize the bilayers. Moreover, 
the presence of phosphatidylethanolamine might lead to additional 
contributions from intermolecular H-bonds. More vesicle-to-micelle 
transition studies of lipid mixtures will be needed to address these is
sues comprehensively. 
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