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Abstract

The increased focus on the structural and physical properties of membrane proteins has made it critical to develop methods that provide a

reliable estimate of membrane protein stability. A simple approach is to monitor the protein’s conformational changes in mixed detergent systems,

typically consisting of an anionic (denaturing) and non-ionic (non-denaturing) component. Linear correlations between, e.g., the melting

temperature and the bulk mole fraction of the anionic component have been observed. However, a potential complication is that the bulk mole

fraction is not identical to the mole fraction in the mixed micelle, which is the local environment experienced by the membrane protein. Here, we

present an extensive analysis of the thermal stability of the membrane-integrated domain of the outer membrane protein AIDA in the presence of

different mixed micelles. In the micelle system SDS-octyl-polyoxyethylene, the melting temperature in the absence of SDS extrapolates to 113 -C
using bulk mole fractions. However, for mixed micelles involving short-chain detergents or phospholipids, the melting temperature calculated

using bulk mole fractions reaches values up to several hundred degrees higher than 113 -C and can only be obtained by extrapolation over a

narrow mole fraction interval. Furthermore, there is a non-linear relationship between the melting temperature and bulk mole fractions for mixed

micelle systems involving cationic detergents (also denaturing). We show that if we instead use the micellar mole fraction as a parameter for

denaturing detergent strength, we obtain linear correlations which extrapolate to more or less the same value of the melting temperature. There

remains some scatter in the extrapolated values of the melting temperature in different binary systems, which suggest that additional micellar

interactions may play a role. Nevertheless, in general terms, the mixed micellar composition is a good parameter to describe the membrane

protein’s microenvironment. Note, however, that for the mixed micelle system involving SDS and dodecyl maltoside, which has been used by

several research groups to determine membrane protein stability, the estimate provided by bulk mole fraction leads to similar values as that of

micellar mole fractions.
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1. Introduction

Membrane proteins play a central role in many cellular

functions such as nutrient uptake and cell signaling by virtue of

their position in the cell membrane. They are adapted to their

membrane environment through hydrophobic side chains,

which interact with the acyl chains of the phospholipid bilayer,

as well as aromatic, polar and charged residues which interact

favorably with the interfacial region of the membrane [1]. The

membrane is complex and consists of many different kinds of

phospholipids and other hydrophobic molecules, such as

cholesterol, besides a host of different integral and peripheral

membrane proteins. To obtain more knowledge about the

forces which stabilize membrane proteins, it is advantageous to
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study them in a simple and well-defined amphiphilic environ-

ment, which is accessible to spectroscopic measurements and

also allow the experimenter to manipulate transitions between

different conformational states. Such transitions can be used to

measure energy differences between different states and thus

provide a means of quantifying membrane protein stability. A

simple example of such an environment is a binary mixture of a

denaturing (typically anionic) and non-denaturing (non-ionic)

detergent, typically sodium dodecyl sulfate (SDS) and dodecyl

maltoside (DM), respectively. By combining these detergents,

mixed micelles are formed. Pioneering work by Lau and Bowie

showed that the trimeric a-helical membrane protein diacyl-

glycerol kinase could be reversibly unfolded under equilibrium

conditions in such a system by increasing the mole fraction of

SDS, and demonstrated that the unfolding transition was

consistent with a simple model in which the free energy of

unfolding was proportional to the mole fraction of SDS [2].

This is analogous to the analysis of the stability of globular

proteins by chemical denaturation in urea or guanidinium

chloride, which is based on linear relationships between free

energies of unfolding (or activation energies) and denaturant

concentrations [3]. The binary detergent-mixture approach has

subsequently been used to compare the stabilities of different

mutants of bacteriorhodopsin [4,5]. The SDS-DM system has

also been exploited to build up a kinetic model for the

unfolding of DsbB [6], and a similar approach has been used to

analyse the folding of the h-barrel protein OmpA in the SDS-

octyl glucoside (OG) binary system [7,8].

An aspect which has hitherto not been studied so thoroughly

in this approach is the fact that mixed detergent systems do not

behave like solutions of the pure components but have unique

properties [9]. The mole fractions of the two detergents in

micelles (Xi and Xn=1�Xi, where ‘‘i’’ and ‘‘n’’ refer to the

ionic and non-ionic component, respectively) are not identical

to the bulk composition of detergents ai and an, but rather vary
with a in a rather complex and non-linear fashion. This arises

from the simple phenomenon that the two detergents will

invariably have different propensities to form micelles, and

therefore one type will generally be preferred over the other for

incorporation into micelles. Since the micelle is the local

environment that the membrane protein experiences, the

micellar composition would appear to be the best parameter

to use when interpreting the behaviour of a membrane protein.

Fortunately, it is straightforward to calculate this by measuring

the critical micelle concentrations (cmc) of detergent mixtures

of fixed bulk composition [10].

In this report, we investigate the consequences of this non-

linear relationship between X and a using the membrane-

integrated h-domain of the outer membrane protein AIDA as

model system. AIDA is an autotransporter from Escherichia

coli. The protein is transported to the outer membrane by an

as yet not fully elucidated mechanism, leaving the C-terminal

h-domain embedded in the outer membrane and the N-

terminal passenger domain exposed on the bacterial surface,

where it facilitates adherence to mucosal cell linings in the

host [11–13]. In this study, we work with the trypsin-

resistant core of the membrane-integrated h-domain, the h2-
domain, consisting of residues 951–1286 (in the following

referred to as AIDA for simplicity). AIDA is typical of h-
barrel proteins in that it does not unfold in SDS at room

temperature, but needs to be exposed to elevated tempera-

tures for this to occur [14]. We have previously shown that

there is an empirical linear relationship between the midpoint

temperature of denaturation Tm and the bulk mole fraction ai

of SDS in the SDS-octyl-polyoxyethylene (oPOE) binary

system [14]. Here, we measure the thermal transition of

AIDA in different binary systems and correlate them with the

calculated micellar composition Xi to evaluate the importance

of the direct micellar environment experienced by the

membrane protein.

2. Materials and methods

2.1. Materials and protein preparation

n-octyl-h-d-maltoside (OM), n-nonyl-h-d-maltoside (NM), n-decyl-h-d-
maltoside (DecM), n-undecyl-h-d-maltoside (UM), and n-octyl-h-d-glucoside
(OG) were from Anatrace (Maumee, OH); n-dodecyl-h-d-maltoside (DM) was

from Calbiochem (Canada); n-octyl-polyoxyethylene (OPOE) was from

Bachem AG (Bubendorf, Switzerland); sodium dodecyl sulfate (SDS) and N-

phenyl-1-napthylamine (NPN) were from Sigma-Aldrich (St. Louis, MO);

sodium decyl sulfate (SDeS), sodium tetradecyl sulfate (STS), sodium

hexadecyl sulfate (SHS) and lauroyl trimethyl ammonium chloride (LTAC)

were from Lancaster (Eastgate, England). All phospholipids were from Avanti

(Alabaster, AL). The purity of all chemicals was �99%. AIDA951 – 1286,

referred to as AIDA throughout this article, was expressed as inclusion bodies

in E. coli and purified by folding on a Ni-NTA column as described [14].

2.2. Far-UV CD measurements

All measurements were performed in 10 mM Tris, pH 8 at 25 -C apart from

thermal scans. Far-UV wavelength and thermal scans were recorded on a Jasco

J-810 spectropolarimeter (Jasco Spectroscopic Co. Ltd., Hachioji City, Japan) as

described [14]. A 1-mm quartz cuvette was used at a band width of 1 nm, using

steps of 0.2 nm at a scan speed of 50 nm/min. To investigate possible two-state

unfolding of AIDA in selected mixed detergent systems, wavelength CD scans

were recorded in the range of 25 -C to 105 -C in steps of 5 -C at a protein

concentration of 5 AM.At each temperature, five accumulationswere averaged to

yield the final spectrum. For thermal scans, 5 AM of refolded AIDA in different

non-ionic detergents was mixed with ionic detergents to total concentrations of

15–62mM (above the cmc, the total concentration of detergent did not make any

difference to the thermal profile, which was only affected by the relative ratios of

the two detergents). Thermal unfolding was monitored at 208 nmwith a scan rate

of 60 -C/h. The unfolding curves were fitted to the following equation, assuming

a linear dependence of the pre- and post-transition baselines on temperature, to

obtain Tm, the midpoint of denaturation [15]:

h208 ¼
aNþbN T�298ð Þ þ aDþbD T�298ð Þð Þe

�DHvH
R

1
T
� 1

Tm
Þð
��

1þe
�DHvH

R
1
T
� 1

Tm
Þð
�� ð1Þ

where h208 is the observed ellipticity at a given temperature, aN and aD are the

ellipticities of the native and denatured state, respectively, at 298 K, bN and bD

are the slopes of the native and denatured state baselines, respectively, T is the

temperature, Tm is the midpoint denaturation temperature, DHvH is the Van’t

Hoff enthalpy change of unfolding, and R is the gas constant. Plots of Tm versus

ai (where a i = [ionic detergent] / ([ionic detergent]+ [non-ionic detergent])) were

fitted to a linear equation, except for the plots involving LTAC, where the

following simple binding isotherm was found empirically to fit the data best:

Tm ¼ KTaLTAC¼0
m þ 1� aLTACð ÞTaLTAC¼1

m

K þ 1� aLTACð Þ ð2Þ
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where TaLTAC¼0
m and TaLTAC¼1

m are the Tm-values at aLTAC=0 and 1, respectively,

and K is an apparent dissociation constant for the hypothetical bind-

ing equilibrium between AIDA and LTAC (whose concentration is given as

aLTAC).

2.3. Kinetics of unfolding

AIDA and detergent were mixed in a preheated cuvette (path length 4 mm)

to a final concentration of 2 AM protein and different mole fractions of ionic

and non-ionic detergent at a total concentration of 15–62 mM detergent. The

CD signal at an appropriate wavelength (200, 203, 206 or 209 nm) was

followed until the signal reached a plateau at a band width of 1 nm. Data were

recorded every 5 s and fitted to a single exponential equation to obtain the rate

constant for unfolding ku.

2.4. Fluorescence measurements

Steady-state fluorescence measurements were carried out on an LS-55

Spectrofluorometer (Perkin-Elmer Ltd., Wellesley, MA) with 5 AM N-phenyl-

1-napthylamine (NPN) as a fluorescence probe, using an excitation wavelength

of 350 nm and emission at the maximum of fluorescence intensity in the range

of 420 to 440 nm. The incorporation of NPN into the micelles results in an

increase in the fluorescence intensity of NPN. As NPN is present at less than

0.1% of total detergent concentration, we consider it reasonable to ignore its

possible impact on cmc values. Fluorescence intensity was plotted against

detergent concentrations, and the cmc was estimated as the break point of the

curve. All cmc-values were measured at 25 -C.

2.5. Determination of the micellar composition of mixed micelles

Ideal cmc-values of the mixed detergent system (cmc*) are predicted by the

Clint equation [16]:

1

cmc4
¼ ai
cmci

þ ai
cmcn

ð3Þ

where a i and an (=1�ai) are the mole fractions of detergent i (ionic) and n

(non-ionic) in the total mixed solute, respectively, and cmci and cmcn are the

critical micellar concentrations of detergent i and n, respectively.

To analyse the synergistic behavior of all binary mixtures used in this work,

we calculated their interaction parameter b and mixed micellar composition X i

using the regular solution approximation [10]. X i can be iteratively computed

from the following equation:

X 2
i ln

cmcai
cmciXi

��

1�Xið Þ2ln cmc 1�aið Þ
cmcn 1�Xið Þ

�� ¼ 1 ð4Þ

where cmc is the measured cmc of the mixed detergent system.

From the Xi-values, b can be computed as follows:

b ¼
ln

cmcai
cmciXi

��

1�Xið Þ2
ð5Þ

The b-value reveals the type of interaction between the two detergents which

leads to a deviation from ideal behavior. Negative values indicate attractive

interactions, and positive values indicate repulsion [16,17].

3. Results

Our results section is divided into three sections: Firstly,

we establish the optimal conditions for evaluating AIDA

stability in detergent micelles. Secondly, we present the

results of these measurements in a large number of different

binary detergent mixtures. Thirdly, we evaluate how these
data correlate with the micellar composition of the detergent

mixtures.

3.1. Conditions for evaluating AIDA stability: thermal

scanning

In order to evaluate the stability of AIDA in binary detergent

mixtures, we have to determine the best conditions for

gathering our data. A simple approach is to measure the

kinetics of unfolding at a given temperature, monitored in the

region 203–210 nm where the change in ellipticity upon

unfolding, as the temperature increases, is greatest (Fig. 1A).

However, there are two disadvantages to the kinetic approach,

firstly its complexity and secondly the relatively narrow mole

fraction range over which unfolding kinetics can be measured.

As shown in Fig. 1B (unfolding at a mole fraction aSDS=0.7 at

80 -C), the profile of ellipticity versus time requires two

exponential decays with two half times t1 and t2 to obtain a

satisfactory fit, suggesting that unfolding at a given tempera-

ture proceeds through one partially unfolded intermediate

(though other explanations are also possible, such as parallel

unfolding pathways). log t1 and t2 both depend linearly on the

SDS mole fraction (Fig. 1C). However, the great sensitivity of

the kinetics to the SDS mole fraction means that there is only a

narrow window of experimental accessibility for kinetic studies

of unfolding of AIDA at each temperature in a given binary

detergent mixture. For example, even at 80 -C, it is only

possible to measure unfolding rates between ca. 0.8 and 0.6

mole fractions SDS in our present experimental set-up, and

even over this temperature interval the time required for

equilibrium to be reached varies from around 20 h to 10 min.

In contrast, thermal scans in the same system, in which

AIDA in a given binary micelle mixture is heated from 25 -C
to 105 -C, allow us to measure over a broader range (between

0.975 and 0.4 mole fractions in the SDS-DM system, see

below), simply because a thermal scan makes a broader

‘‘sweep’’ of the different energy levels available to the native

and denatured state. Furthermore, unfolding under these

conditions can be modelled according to a simple one-step

transition, without requiring the introduction of an intermedi-

ate. This is supported by several independent observations.

Firstly, our previously published analysis of AIDA thermal

unfolding in the binary mixture SDS-oPOE [14] could be fitted

to a two-state unfolding model (Eq. (2)). We observe the same

correspondence for all other detergent mixtures analysed in the

present work (see below).

Secondly, we have recorded far-UV CD wavelength scans

of AIDA at different temperatures as it unfolds in different

detergent mixtures. Provided there are only two states present

during the whole unfolding process, there will be an

isodichroic point corresponding to the wavelength where the

ellipticities of the two absorbing species are identical. Fig. 1A

shows the spectra of AIDA in the SDS-DecM detergent

mixture over the temperature range 25–105 -C. We have

obtained similar spectra for AIDA in other detergent mixtures

such as SDS-NM, -UM and -DM (data not shown). The

spectra of the natively folded and thermally unfolded states do



Fig. 1. AIDA Unfolds in a Single Step. (A) Far-UV CD scans of AIDA in the binary mixture SDS-DecM (at aSDS=0.85) over the temperature interval 25–105 -C.

There is an approximate isodichroic point around 216 nm. (B) Kinetics of unfolding of AIDA in the binary mixture SDS-DM (at aSDS=0.7) at 80 -C measured at 206

nm. The solid line represents the best fit to a double exponential function to obtain the two half times of unfolding t1 and t2. (C) Plots of log t1 (filled circles) and log

t2 (empty circles) versus aSDS in the SDS-DM system at 80 -C. The lines indicate the best linear fits to the data points. All measurements are at 203 nm, except for

aSDS=0.7, where measurements at 206 and 209 nm are also included. There is no systematic variation of half times with wavelength. (D) Dependence of the

measured melting temperature Tm on the scan rate. The data are fitted to a simple hyperbolic function which predicts a Tm of 63T1 -C at a scan rate of 0 -C/h and an
upper limit of a Tm of 77.2T0.7 -C. A scan rate of 60 -C/h is used in all subsequent experiments in this paper.
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not intersect, but have the same value around 216 nm, and the

ellipticity at this wavelength stays reasonably constant

throughout the thermal scan. This indicates that only two

states are significantly populated during the process. There-

fore, we shall restrict our analysis to simple thermal scans of

AIDA.

The two-state unfolding behaviour of AIDA makes analysis

simple, since we obtain a single relevant parameter, namely Tm.

Although in principle the enthalpy of unfolding DHunf can

provide further insight in the process, we find that generally

there is no systematic correlation between DHunf and Tm, and

therefore do not include this in the present analysis. However,

it should also be noted that unfolding is irreversible [14]. AIDA

cannot be refolded from the urea-denatured state unless it is

immobilized on a solid medium such as a Ni-NTA column, and

we do not see any reversion to the native state spectrum when

the thermally denatured state is allowed to cool (data not

shown). This means that the native and denatured states are not

in equilibrium during the thermal denaturation, and therefore

the thermal midpoint of denaturation will depend on the

thermal scan rate. As shown in Fig. 1D, Tm varies between 66

and 74 -C as the scan rate changes from 5 to 100 -C/h,
although the scan-rate sensitivity decreases with increasing
scan speed. To allow direct comparison between different

binary detergent mixtures, all our experiments are carried out at

the same scan rate (60 -C/h). We stress that the Tm-value is an

apparent Tm-value, rather than a thermodynamically well-

defined parameter, and is only used for comparative purposes

in the following analysis.

3.2. Unfolding of AIDA is sensitive to the composition of the

mixed micelles

In order to investigate the impact of the amphiphilic

environment on AIDA’s stability, we have carried out a

comprehensive series of thermal scans of AIDA in different

micelle mixtures (cf. Fig. 2A). The anionic detergent is an

alkyl sulfate of chain-length 10 (SDeS), 12 (SDS), 14 (STS)

or 16 (SHS), while the non-ionic detergent is an alkyl

maltoside of chain-length 8 (OM), 9 (NM), 10 (DecM), 11

(UM) or 12 (DM). In addition, we have used the non-ionic

detergents OG and oPOE as well as the zwitterionic

phosphatidylcholine lipids with saturated alkyls of chain

length 7 (DHPC), 10 (DCPC), 12 (DLPC), 14 (DMPC) as

well as the unsaturated 18:1 lipid DOPC. Of these, only

DHPC forms conventional micelles, while lipids with chain



Fig. 2. Thermal Stability of AIDA using Bulk Mole Fractions. (A) Thermal unfolding of AIDA in the binary system STS-DM at an aSTS of 0.49, 0.62 and 0.8. (B)–

(E) Plots of Tm of AIDA in different binary micelle systems versus a i. Lines in panels B–D represent best linear fits, whereas the data in panel E are fitted to a

hyperbolic binding curve. Data are summarized in Tables 1, 2.
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lengths of 10 and above form membrane vesicles on their

own. However, they easily incorporate into micelles when

detergent molecules are present in excess [18]. We have also

used the zwitterionic detergent DPS and the cationic detergent

LTAC, both of which are destabilizing. For each micelle

mixture, the mole fraction of the anionic surfactant (or the

detergent DPS or LTAC) has been varied to give experimen-

tally accessible Tm-values (typically between 55 and 95 -C).
In all cases, we plot the Tm versus detergent bulk mole
Table 1

Extrapolated Tm-values for AIDA in binary ionic and non-ionic detergent systems

Non-ionic detergent (an) Ionic detergent (a i) Experimental range (a i)

OG SDS 0.2–0.9

OM SDS 0.5–0.9

NM SDS 0.3–0.9

DecM SDeS 0.875–0.975

DecM SDS 0.6–0.9

DecM STS 0.3–0.95

DecM SHS 0.3–0.9

UM SDeS 0.875–0.975

DM SDeS 0.8–0.95

DM SDS 0.4–0.9

DecM LTAC 0.5–0.925

UM LTAC 0.5–0.925

DM LTAC 0.2–0.8

DHPC SDS 0.65–0.9

a Data are highly curved and are therefore fitted to a binding curve rather than a
fraction, and obtain linear correlations which allow us to

extrapolate to the Tm in the absence of anionic or denaturing

detergent (Tm at ai =0) as well as Tm in micelles only

containing anionic or denaturing detergent (Tm at ai =1). The

data are summarized in Tables 1, 2, and representative data

are shown in Figs. 2B–E.

We note two things in particular: Firstly, there is a great deal

of variation in the values of Tm at ai =0 predicted for different

binary detergent systems; they span from 431 -C (SDeS-UM)
for which the micellar composition has been determined

Tm at a i =0 Tm at a i =1 Tm at X i =0 Tm at X i =1

89.3T5.6 64.5T2.7 105T11 61.9T3.4

101.3T4.6 61.7T2.0 130T11 54.6T3.7

107.7T2.2 50.6T1.4 135.5T5.6 24.6T3.5
410T39 44.2T3.5 119.5T5.8 33.5T4.7

175T13 47.4T4.9 157.0T5.8 7.2T5.2

106.2T1.5 55.7T0.8 141.8T4.1 42.0T1.4
100.8T1.3 59.3T0.8 147.5T5.2 56.7T1.5

431T75 46.8T7.9 113.1T2.4 26.8T3.0

283.2T8.2 45.3T1.3 119T14 �9.6T25.9

130.8T2.2 55.8T1.4 167T9.2 �105.3T20.9
92.0T3.1a – a 98.8T1.1 21.9T1.6

97.1T4.6a – a 105.1T2.1 4.6T3.9

112.9T5.4a – a 125.9T4.5 �171.9T26.7

145.9T6.7 53.7T2.1 141.5T5.7 6.9T5.7

linear fit. This leads to a very unreliable estimate of Tm at a i =1.



Table 2

Extrapolated Tm-values for AIDA in binary ionic and non-ionic detergent

systems for which the micellar composition has not been determined

Non-ionic

detergent

(an)

Ionic

detergent

(a i)

Experimental

range (ai)

Tm at

a i =0

Tm at

a i =1

UM SDS 0.7–0.95 208.2T10.9 46.1T2.4

UM STS 0.7–0.95 144.3T9.9 55.7T2.1

UM SHS 0.6–0.9 118.1T3.6 59.3T1.3

DM STS 0.5–0.9 130.9T1.9 57.4T0.9
DM SHS 0.5–0.9 128.8T3.5 61.8T1.6

DM DPS 0.8–0.95 115T7.4 78.9T1.2

oPOE SDeS 0.8–0.95 229.3T7.9 50.5T1.2

oPOE SDS 0.28–0.86 112.9T1.2 58.7T0.9
oPOE STS 0.5–0.9 115.2T5.0 62.0T2.3

oPOE SHS 0.5–0.9 113.1T2.2 68.3T1.0

oPOE DPS 0.65–0.925 112.2T1.7 80.6T0.5
DCPC SDS 0.8–0.975 158.9T14.6 57.0T2.1

DLPC SDS 0.8–0.975 293.2T17.1 45.7T2.4

DMPC SDS 0.85–0.95 279.3T23.7 47.6T3.0

DOPC SDS 0.875–0.975 198.7T23.3 52.7T2.1
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to 89.3 -C (SDS-OG). Secondly, while most of the plots of Tm

versus ai are linear, the three alkyl maltoside-LTAC systems

provide a notable exception (Fig. 2E). They all show an initial
Fig. 3. Determining and using Micellar Mole Fractions. (A) Determination of cmc a

the fluorescent probe NPN. The cmc is determined as the break-point indicated by the

detergent systems. The measured cmc-values are for all measured detergent system

(3)). (C) Plots of micellar mole fraction X i versus bulk mole fraction a i reveal a co

detergent (extrapolated from plots of Tm versus a i) versus the hypothetical micellar

based on plots of X i versus a i in the bulk mole fraction range 0.2–0.8 (see (C) for an

at less than 0.1 mole fraction, the extrapolated Tm is dramatically exaggerated.
steep rise in Tm as aLTAC decreases, which subsequently levels

off to a plateau level that can be fitted to a simple binding

isotherm. However, there is no basis to interpret these

hypothetical isotherms as real binding events. As we shall

see below, the introduction of micellar composition parameters

leads to a significant convergence of the extrapolated values for

Tm at ai =0 and also to a removal of the curvature in the alkyl-

maltoside-LTAC systems.

3.3. Micellar mole fractions provide a better estimate of AIDA’s

stability than bulk mole fractions

The next step is to convert the bulk mole fractions to

micellar mole fractions. By determining the cmc-values of each

binary detergent system at different bulk mole fractions (cf.

Fig. 3A), we have calculated the micellar mole fraction of ionic

detergent Xi (see Table 3). Since all the binary mixtures in the

present study are combinations of ionic and non-ionic

detergents, a non-ideal behavior is expected due to significant

differences between their head groups and hydrophobic tail. If

the mixed cmc is lower than the ideal cmc*, the mixed micelle

is stabilized by synergism between unlike monomers. These

interactions results from the incorporation of non-ionic
t different mole fractions of SDS in the mixed micelle system SDS-DecM using

arrow. (B) Ideal and measured cmc-values versus aSDS in three different binary

s significantly below the ideal cmc-values predicted by the Clint equation (Eq.

mplex relationship between the two parameters. (D) Tm in the absence of ionic

composition of mixed micelles (extrapolated to 0 mole fraction ionic detergent

example)). This reveals that when the ionic component is predicted to be present



Table 3

Ideal critical micellar concentration (cmc*), experimental critical micellar

concentration (cmc), micellar composition of ionic detergent (X i), and the

interaction parameter b for different ionic and non-ionic mixed systems

Mixed

system

a i Ideal

cmc*

(mM)

Experimental

cmc (mM)

Xi b

SDeS-DecM 0.00 1.80 1.80 0.00

0.20 2.21 1.60 0.19 �4.04

0.40 2.86 2.00 0.23 �3.25

0.60 4.04 2.50 0.39 �3.04

0.80 6.92 4.00 0.37 �2.57

0.90 10.75 9.70 0.42 �0.42

1.00 24.00 24.00 1.00

Average �2.66

SDS-DecM 0.00 1.80 1.80 0.00

0.20 2.06 1.40 0.26 �2.8

0.40 2.42 1.38 0.36 �2.89

0.60 2.92 1.70 0.44 �2.64

0.80 3.69 2.00 0.55 �2.67

0.90 4.25 3.00 0.66 �1.74

1.00 5.00 5.00 1.00

Average �2.54

STS-DecM 0.00 1.80 1.80 0.00

0.20 1.33 0.62 0.47 �3.2

0.40 1.05 0.52 0.57 �3.12

0.60 0.87 0.50 0.65 �2.79

0.80 0.75 0.50 0.75 �3.16

0.90 0.69 0.50 0.8 �3.61

1.00 0.65 0.65 1.00

Average �3.17

SHS-DecM 0.00 1.80 1.80 0.00

0.20 0.34 0.10 0.61 �5.86

0.40 0.19 0.08 0.69 �5.67

0.60 0.13 0.09 0.8 �4.24

0.80 0.10 0.09 0.89 �3.8

0.90 0.09 0.08 0.92 �3.43

1.00 0.08 0.08 1.00

Average �4.6

SDeS-UM 0.00 0.55 0.55 0.00

0.20 0.68 0.57 0.12 �4.17

0.40 0.90 0.75 0.14 �3.27

0.60 1.33 1.10 0.16 �2.49

0.80 2.52 1.30 0.30 �4.13

0.90 4.56 3.20 0.31 �1.99

1.00 24.00 24.00 1.00

Average �3.21

SDeS-DM 0.00 0.18 0.18 0.00

0.20 0.22 0.16 0.16 �6.78

0.40 0.30 0.19 0.2 �6.47

0.60 0.45 0.25 0.24 �6.31

0.80 0.87 0.38 0.29 �6.21

0.90 1.69 0.90 0.31 �4.26

1.00 24.00 24.00 1.00

Average �6.00

SDS-DM 0.00 0.18 0.18 0.00

0.20 0.22 0.15 0.20 �5.47

0.40 0.29 0.16 0.26 �5.49

0.50 0.35 0.18 0.29 �5.29

0.60 0.43 0.22 0.29 �4.75

0.70 0.55 0.26 0.32 �4.78

0.80 0.79 0.34 0.36 �4.61

0.90 1.36 0.50 0.42 �4.57

1.00 5.00 5.00 1.00

Average �4.99

SDS-NM 0.00 5.50 5.50 0

0.20 5.39 3.10 0.37 �2.75

Table 3 (continued)

Mixed

system

a i Ideal

cmc*

(mM)

Experimental

cmc (mM)

Xi b

SDS-NM 0.40 5.29 3.00 0.47 �2.39

0.60 5.19 3.10 0.57 �2.31

0.80 5.09 3.20 0.67 �2.47

0.90 5.05 3.40 0.74 �2.8

1.00 5.00 5.00 1

Average �2.54

SDS-OM 0.00 20.50 20.50 0.00

0.20 12.65 6.30 0.51 �2.94

0.40 9.15 5.00 0.61 �2.77

0.60 7.17 4.70 0.71 �2.48

0.80 5.89 5.00 0.80 �2.38

0.90 5.41 5.00 0.86 �2.54

1.00 5.00 5.00 1.00

Average �2.62

SDS-OG 0.00 20.00 20.00 0.00

0.20 12.65 6.50 0.51 �2.61

0.40 9.15 5.00 0.61 �2.77

0.60 7.17 5.00 0.72 �2.32

0.80 5.89 4.90 0.83 �1.97

0.90 5.41 4.70 0.88 �2.74

1.00 5.00 5.00 1.00

Average �2.48

LTAC-DecM 0.00 1.80 1.80 0.00

0.20 2.19 1.80 0.16 �2.78

0.40 2.79 2.20 0.21 �2.14

0.60 3.85 3.40 0.22 �0.89

0.80 6.21 5.00 0.37 �0.98

0.90 8.94 6.60 0.51 �1.32

1.00 16.00 16.00 1.00

Average �1.62

LTAC-UM 0.00 0.55 0.55 0.00

0.20 0.68 0.50 0.17 �4.79

0.40 0.90 0.55 0.23 �4.75

0.60 1.31 0.95 0.23 �2.99

0.80 2.42 1.50 0.3 �2.82

0.90 4.20 2.80 0.36 �2.01

1.00 16.00 16.00 1.00

Average �3.47

LTAC-DM 0.00 0.18 0.18 0.00

0.20 0.22 0.20 0.10 �4.49

0.40 0.30 0.24 0.14 �4.25

0.60 0.44 0.32 0.19 �4.20

0.80 0.86 1.00 – a – a

0.90 1.63 1.20 0.25 �2.32

1.00 16.00 16.00 1.00

Average �3.82

DHPC-SDS 0.00 0.90 0.90 0.00

0.65 1.93 0.63 0.43 �5.10

0.70 2.11 0.60 0.45 �5.94

0.85 2.97 1.00 0.51 �4.57

0.90 3.44 1.20 0.54 �4.33

0.95 4.07 1.46 0.60 �4.82

1.00 5.00 5.00 1.00

Average �4.95

All data measured in 10 mM Tris, pH 8 at 25 -C.
a The programme used to calculate X i and b did not converge to any

meaningful value.
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detergent monomers into the micelles, leading to a decrease in

the electrostatic repulsion between the ionic head groups.

From the mixed cmc, it is possible to evaluate the

interaction parameter b and micellar composition Xi using
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Eqs. (4) and (5). Both sets of values are presented in Table 3.

Negative and positive b-values indicate attractive and repulsive
interactions between two detergents in a mixed micelle,

respectively, while the b-value should be zero for ideal mixing.

Over the whole mixing range, the b-values are negative,

indicating favorable (attractive) interactions between non-ionic

and ionic components in the mixed micelles. This is also seen

by the experimentally determined cmc-values in the mixed

micelle systems, which are all lower than the ideal mixed cmc

(Fig. 3B, Table 3). Representative plots of Xi versus ai are
shown in Fig. 3C. Note that all measurements of Xi are carried

out at 25 -C. For simplicity, we ignore the effect of temperature

on Xi. We justify this by the fact that all Tm-values are used for

comparative purposes only.

Now that we know the micellar composition of 14 different

binary detergent systems, we can evaluate the effect on our

analysis of the thermal stability of AIDA in different mixed

micelle systems. Initially, we can perform a simple correlation

between Tm and detergent miscibility. The latter may be

determined as follows: In the range of ai corresponding to 0.2–

0.8, there is a good linear correlation between Xi and ai (Fig.

3C), and a hypothetical value of Xi at ai =0 can be extrapolated

from this region. A plot of Tm at ai =0 versus Xi at ai =0 reveals
a remarkable hyperbolic relationship (Fig. 3D), in which Xi-

values below ca. 0.15 lead to a dramatic increase in Tm at ai =0.

This rather crude analysis reveals that micelles with a low
Fig. 4. Plots that reveal the difference between using bulk mole fractions and mice

micelle systems. (A) LTAC-DM. (B) SDS-OG. (C) SDeS-DecM. (D) SDS-DM.
general affinity for anionic detergents (low miscibility) have a

dramatically reduced ability to destabilize AIDA. A similar

plot using average b-values (from Table 3) instead of Tm at

ai =0 also shows a steep drop in the value of b for Xi-values

below ca. 0.15 (data not shown); that is, for detergent systems

with strong synergy between the two components (more

negative b-values), a significantly smaller fraction of the ionic

detergent (compared to bulk) needs to be taken up into micelles

for optimal interactions. A more thorough analysis is to plot the

measured Tm-values versus Xi and extrapolate to 0 and 1 mole

fraction denaturing detergent, as summarized in Table 1 and

shown in Figs. 4A–D. It is clear that by converting to micellar

compositions we obtain a much smaller spread in extrapolated

Tm-values, indicating that this method of analysis is superior to

simple bulk mole fractions. Remarkably, the curvature seen for

the alkyl maltoside-LTAC systems in Fig. 2E is now

completely abolished; instead, there is a simple linear

relationship between Tm and XLTAC. There remains a certain

variation among the values for Tm at Xi =0 in different micellar

systems. For example, for SDS in combination with alkyl

maltosides, Tm at Xi =0 increases from around 130 -C in OM to

167 -C in DM, suggesting that longer chain lengths of the non-

ionic detergent are stabilizing AIDA. In contrast, there is no

clear trend for DecM in combination with alkyl sulfates of

different chain lengths, where Tm at Xi =0 varies between ca.

120 and 160 -C. This suggests that there are some interactions
lle mole fractions to calculate the thermal stability of AIDA in different mixed
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between micelles, which cannot fully be accounted for simply

by using Xi-values rather than ai-values.

It should also be noted that the values of Tm at Xi =1

become more scattered because there is now in several cases a

long extrapolation to Xi =1. This leads to values as low as

�105 -C (the SDS-DM system), and in many cases values are

well below room temperature. This highlights two short-

comings of the use of Xi-values: Firstly, the sensitivity to

small errors in determinations of cmc and consequent scatter in

Xi; secondly, the steep rise in Xi for some mixed micelle

systems as the bulk mole fraction of the ionic detergent

approaches 1 (cf. Fig. 3C), which may restrict Xi to a range of

low values.

In Table 2, we have included stability data for a number of

binary systems for which mixed micelle compositions have not

been determined. This is not experimentally feasible for the

phospholipids of chain-lengths 10–18 carbon atoms, which in

the absence of SDS form vesicles rather than micelles. It is

clear that these lipids (in particular DLPC and DMPC) give

rise to much exaggerated estimates of Tm, due most likely to a

discrepancy between the bulk lipid mole fraction and micellar

lipid mole fraction. This in turn suggests that the lipids are

preferentially taken up into the micelles at the expense of SDS,

in testimony to their excellent self-assembling properties. For

oPOE in combination with a number of different anionic

detergents, the values of Tm at ai =0 are in excellent agreement

except for the short chain length detergent SDeS. This is

similar to the observations in Table 1, where the combination

SDeS-DecM gives a very high Tm-value (410 -C). Upon

correction using Xi-values, SDeS-DecM gives the much more

reasonable value of 120 -C. Further, UM gives a very high

value of Tm at ai =0 with SDS. Thus, when one of the

detergent components has a short chain length, there is likely

to be a pronounced overestimate of the actual Tm-value (using

ai-values) due to deviations between ai and Xi.

4. Discussion

We have shown that by converting detergent bulk mole

fractions ai to micellar mole fractions Xi, we are able to obtain

simple linear relationships between melting temperatures and

mole fractions that lead to consistent results between different

systems. Thus, in general Xi appears to be a more appropriate

parameter to use than ai when describing the effect of changing

mole fractions and using them to obtain Tm-values (and, for

reversibly unfolding systems, free energies of unfolding) in the

absence of ionic detergent (with the caveat that extrapolation to

zero mole fraction non-ionic detergent may be less reliable).

However, for some detergent-systems such as the SDS-DM

combination, the linearity and predicted Tm at zero bulk mole

fraction SDS gives a value (130 -C) that is in good agreement

with the micellar composition data. Thus, previously published

work on this system using the proteins diacylglycerol kinase,

bacteriorhodopsin and DsbB [2,4,6] is in no way discredited.

Nevertheless, we find that when the same SDS-DM system is

used together with the buffer system required for kinetic studies

on DsbB (25 mM sodium phosphate pH 8.0 and 100 mM
NaCl), the parameters obtained from this analysis are depen-

dent on whether Xi or ai-values are used, although the

originally proposed folding mechanism is not affected (Otzen,

D.E., data not shown). This reflects the fact that micellar

properties are sensitive to salt or polar solutes [19].

It seems reasonable that the micellar mole fraction is the

appropriate parameter to describe the interaction between

membrane proteins and the detergent environment, given that

this is the local environment that the protein experiences.

However, it should also be borne in mind that the mixed

micelle system is not homogeneous in composition. There will

be a Poisson-type distribution of populations with different

mole fractions of the two components, and the measured Xi-

value is merely an average [20]. In addition, micelles are not

static and monodisperse, but deform, split and fuse, and may

change in shape and size as detergent concentration increases

[21]. Micelles are not simple spheres; in fact, their hydrophobic

tails pack in a disorganized but compact fashion in the centre,

forming a rough outer surface [22], so they are unlikely to be

well ordered and efficiently packed in a spherical fashion

around a protein. Given this complexity, it may be imagined

that the protein can slightly skew the composition of the

detergent micelles surrounding the hydrophobic region of the

protein, depending on the relative binding affinity of different

detergent types for the membrane protein surface, and the effect

of binding on the optimal packing within the micelles.

Different detergents will bind differently to proteins, with

significant consequences for structure and function [23].

However, to our knowledge, there is no detailed structural or

energetic information on the interactions between membrane

proteins and mixed detergent systems; most structural studies

focus on single detergent systems (cf. [24]). In the absence of

other information, the experimentally determined micellar

composition parameter remains the best approximation for

the solvent.

Acknowledgements

This research was supported by the Danish Natural Science

Research Council (P.S.) and the Danish Technical Research

Council (J.E.M and D.E.O.).

References

[1] S.H. White, A.S. Ladokhin, S. Jayasinghe, K. Hristova, How membranes

shape protein structure, J. Biol. Chem. 276 (2001) 32395–32398.

[2] F.W. Lau, J.U. Bowie, A method for assessing the stability of a membrane

protein, Biochemistry 36 (1997) 5884–5892.

[3] C. Tanford, Protein denaturation. Part C. Theoretical models for the

mechanism of denaturation, Adv. Prot. Chem. 24 (1970) 1–95.

[4] S. Faham, D. Yang, E. Bare, S. Yohannan, J.P. Whitelegge, J.U. Bowie,

Side-chain contributions to membrane protein structure and stability,

J. Mol. Biol. 335 (2004) 297–305.

[5] S. Yohannan, D. Yang, S. Faham, G. Boulting, J.P. Whitelegge, J.U.

Bowie, Proline substitutions are not easily accommodated in a membrane

protein, J. Mol. Biol. 341 (2004) 1–6.

[6] D.E. Otzen, Folding of DsbB in mixed micelles: a kinetic analysis of

the stability of a bacterial membrane protein, J. Mol. Biol. 330 (2003)

641–649.

[7] S. Ohnishi, K. Kameyama, Escherichia coli OmpA retains a folded



P. Sehgal et al. / Biochimica et Biophysica Acta 1716 (2005) 59–6868
structure in the presence of sodium dodecyl sulfate due to a high kinetic

barrier to unfolding, Biochim. Biophys. Acta 1515 (2001) 159–166.

[8] S. Ohnishi, K. Kameyama, T. Takagi, Characterization of a heat

modifiable protein, Escherichia coli outer membrane protein OmpA in

binary surfactant system of sodium dodecyl sulfate and octylglucoside,

Biochim. Biophys. Acta 1375 (1998) 101–109.

[9] M.J. Rosen, Surfactants and Interfacial Phenomena, John Wiley and Sons,

Inc., New York, 1987.

[10] D.N. Rubingh, in: K.L. Mittal (Ed.), Solution Chemistry of Surfactants,

vol. 1, Plenum, New York, 1979, pp. 337–354.

[11] M.P. Konieczny, I. Benz, B. Hollinderbäumer, C. Beinke, M. Niederweis,
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