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Abstract

Background: In vitro investigations of membrane proteins usually depend on detergents for protein solubilisation
and stabilisation. The amount of detergent bound to a membrane protein is relevant to successful experiment
design and data analysis but is often unknown. Triple-detection size-exclusion chromatography enables simultaneous
separation of protein/detergent complexes and protein-free detergent micelles and determination of their molar
masses in a straightforward and absolute manner. Size-exclusion chromatography is used to separate different species,
while ultraviolet absorbance, static light scattering, and refractive index measurements allow molar mass determination
of protein and detergent components.

Results: We refined standard experimental and data-analysis procedures for challenging membrane-protein samples
that elude routine approaches. The general procedures including preparatory steps, measurements, and data analysis
for the characterisation of both routine and complex samples in difficult solvents such as concentrated denaturant
solutions are demonstrated. The applicability of the protocol but also its limitations and possible solutions are
discussed, and an extensive troubleshooting section is provided.

Conclusions: We established and validated a protocol for triple-detection size-exclusion chromatography that enables
the inexperienced user to perform and analyse measurements of well-behaved protein/detergent complexes. More
experienced users are provided with an example of a more sophisticated analysis procedure allowing mass
determination under challenging separation conditions.

Keywords: Membrane proteins, Detergent micelles, Absolute mass determination, Multiple detection, Static light
scattering

Background
Membrane proteins are of outstanding biological and
pharmacological relevance [1], but progress in their bio-
physical, biochemical, and structural investigation is ham-
pered by the fact that these hydrophobic proteins are
generally soluble in aqueous solution only in the presence
of detergent micelles or other membrane-mimetic systems
[2]. Upon solubilisation, various and sometimes large
amounts of detergent are associated with the mem-
brane protein of interest, and such protein/detergent
complexes (PDCs) coexist with (mixed) micelles and
detergent monomers [3]. The composition of PDCs

depends drastically on the type and concentration of
detergent used [3–5], so that the choice of detergent
and its concentration has a great influence on the pro-
tein’s structure, stability, and functionality [6]. Mem-
brane proteins tend to aggregate and precipitate if the
detergent concentration is too low; conversely, excess
detergent may lead to denaturation or dissociation of
protein complexes [7, 8]. Therefore, detailed knowledge
of detergent concentration and PDC composition is es-
sential for many functional and structural studies [3, 9].
Likewise, biophysical investigations into membrane-
protein folding based on the use of chemical denatur-
ants require in-depth knowledge of the aggregational
state of the protein/detergent or protein/lipid mixture
under both native and denaturing conditions [10, 11].
In experiments relying on the chemical unfolding of a
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detergent-solubilised membrane protein, the unfolded
polypeptide in the presence of high denaturant concen-
trations serves as a common reference state enabling
the comparison of protein conformational stability
among different detergents, but this approach is applic-
able only if the unfolded state is not associated with
detergent [12].

Experimental methods for determining molar masses
Experimental determination of the molar mass and oligo-
meric state is an essential step in the biophysical charac-
terisation of proteins and protein complexes. Sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) is often used to identify proteins during the purifi-
cation process and confirm their molar masses [13, 14].
However, membrane proteins usually reveal a migration
behaviour different from that of soluble proteins, thus im-
peding mass determination by standard SDS-PAGE
[15]. Size-exclusion chromatography (SEC) can yield
valuable information on sample homogeneity and oligo-
meric state of water-soluble proteins but is of limited
use for detergent-solubilised proteins. Mass estimation
by SEC is based on a comparison of the elution behav-
iour of the protein of interest with that of standard
proteins, which are globular and water-soluble. Since
detergent binding substantially alters a protein’s elution
behaviour [16] and, thus, its apparent size, analysing
membrane proteins with SEC will provide, at best, a
very crude size estimate. Nevertheless, with careful
sample preparation, information on the coexistence of
different oligomeric species can be deduced from SEC
elution profiles even without knowledge of exact
masses [5]. Hence, SEC is widely used for the qualita-
tive analysis of PDCs, for example, to check homogen-
eity, stability, and purity of PDCs for use in structural
studies such as crystallography [17, 18]. As a comple-
mentary technique, dynamic light scattering (DLS) pro-
vides information on the hydrodynamic radius of a
PDC and identifies aggregates [19, 20]. Neither SEC
nor DLS, however, can distinguish the contributions of
detergent and protein components to the overall hydro-
dynamic behaviour of the complex. A well-established
method to overcome this problem is analytical ultra-
centrifugation (AUC) [21–23], which combines separ-
ation of different species with thermodynamic analysis
and, thus, is particularly suitable for multicomponent sys-
tems [24] such as detergent micelles and PDCs [25].
Drawbacks of AUC, however, comprise long experimental
timescales of several hours up to a day, which restricts its
applicability to relatively stable proteins [26], and difficul-
ties encountered with floating detergents such as lauryldi-
methylamine N-oxide (LDAO), which elude analysis by
this method [27]. Moreover, AUC is an expensive method,

and sample preparation, measurements proper, and data
analysis require an experienced user [27].
By contrast, triple-detection SEC is a more straightfor-

ward, cheaper, and more widely available method that is
exquisitely suited for determining the masses of both
protein and detergent components and, consequently,
PDC composition. In this method, SEC is coupled to a
triple-detector system consisting of ultraviolet (UV) ab-
sorbance, static light scattering (LS), and refractive index
(RI) detection, where separation and analysis are com-
bined in a single experimental setup. Figure 1 shows a
schematic setup with SEC being used exclusively for the
preparative separation of different species such as deter-
gent micelles and PDCs but not for any analytical pur-
poses, in particular, determination of molar masses. Thus,
in contrast with classical SEC approaches, quantitative
analysis does not rely on elution volumes, which elimi-
nates the need for calibration. Instead, the LS signal pro-
vides information on the molar masses of all scattering
particles eluted in the course of an SEC run according to
the equation [28]:

ΔRθ ¼ Rθ;sample−Rθ;solvent ¼ KMwc ð1Þ

Here, Rθ is the Rayleigh ratio, which is defined as the
total intensity of scattered light observed at a scattering
angle θ at distance r from the point of scattering, nor-
malised with respect to the scattering volume V and the
intensity of incident light I0. ΔRθ refers to the excess
Rayleigh ratio, that is, the Rayleigh ratio of the sample
(Rθ,sample) minus that of the solvent (Rθ,solvent). Further-
more, K is an optical constant, Mw the weight-average
(or, more precisely, mass-average) molar mass of the
scattering particle in solution or suspension, and c its
concentration. Note that, in the so-called Rayleigh scat-
tering regime (i.e., for small particles with a diameter
below ~ λ0/20, where λ0 is the wavelength used), light
scattering is isotropic, so that ΔRθ is independent of the
detection angle.

Basic light scattering theory
It is important to keep in mind that Equation (1) is valid
only for small particles at low concentrations, as it is a
special form of the general Zimm relationship [29]:

ΔRθ ¼ Kc MwPθ þ 1
2A2c

þ…

� �
ð2Þ

Here, Pθ is the so-called form factor, which reflects the
angular dependence of the scattering intensity, and A2 is
the second virial coefficient, which is the first and most
important term accounting for interparticle interactions.
The optical constant K is given by
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K ¼ 4π2n20
dn
dc

� �2
NAλ

4
0

ð3Þ

with n0 being the solvent’s refractive index, dn/dc the re-
fractive index increment of the scattering particle in a
given solvent, and NA Avogadro’s constant. Coupling
static light scattering with SEC leads to dilution of the
sample to concentrations at which intermolecular inter-
actions and, thus, the second term in parenthesis on the
right-hand side of Equation (2) can safely be neglected.
Moreover, scattering by proteins with molar masses
<106 g/mol is isotropic; therefore, the observed scatter-
ing intensity is angle-independent, and the form factor
approaches unity, which further simplifies Equation (2)
to the form given in Equation (1). For membrane pro-
teins solubilised in detergent micelles, the experimen-
tally accessible values of the refractive index increment,
the concentration, and the molar mass refer to the entire
PDC (comp). These quantities are related to those of the
pure protein (prot) and detergent (det) through the fol-
lowing equations:

Mw;comp ¼ 1þ δð ÞMw;prot ð4Þ

ccomp ¼ ð1þ δÞcprot ¼ ΔUV280nm

1
1þδ

� �
A280nm;prot þ δ

1þδ

� �
A280nm; det

� �

ð5Þ
and

dn
dc

� �
comp

¼ ΔRI
ΔUV280nm

1
1þ δ

� �
A280nm;prot þ δ

1þ δ

� �
A280nm; det

� �

ð6Þ

where δ is the mass ratio of bound detergent to protein
(in g/g), ΔUV280nm is the background-corrected UV
absorbance signal, A280nm is the extinction coefficient
(in mL/(g cm)), and ΔRI is the background-
corrected (i.e., the excess) refractive index signal. Generally,
δ is not known but can be calculated from measured
quantities on the basis of the refractive index values of the
protein and the detergent, (dn/dc)prot and (dn/dc)det,
respectively, according to

δ ¼
ΔRIA280nm;prot

�
ΔUV

� �
− dn

dc

� �
prot

dn
dc

� �
det−

ΔRIA280nm;det=ΔUV
� � ð7Þ

With the aid of Equation (2), the molar mass of the
PDC can be determined, and subsequent calculation of δ
allows decomposition into protein and detergent contri-
butions [28, 30].

Triple-detection SEC
As outlined above, the combination of SEC as a separation
technique with LS as an absolute technique for molar
mass determination raises light scattering to a new quali-
tative level by allowing determination not only of the aver-
age molar mass of a sample but of the individual masses
of all species that elute at different time points within a
single measurement [30]. In particular, the combination of
LS detection with the differential sensitivities of UV ab-
sorbance and RI detection towards detergent and protein
concentrations enables determination of the contributions
of each component (i.e., protein and detergent) to the
overall LS signal to yield the composition of PDCs [28].
After system equilibration, which needs no attendance of
the experimenter, a single measurement is performed

sample HPLC 
system

UV 
detector

LS 
detector

RI
detector

Computer 
(ASTRA)

Computer 
(ChemStation)

Fig. 1 Schematic setup of triple-detection SEC. A high-performance liquid chromatography (HPLC) system is used to provide constant flow and
an SEC column to separate different species. UV absorbance and RI detectors monitor changes in protein and detergent concentrations, while an
LS detector follows changes in scattering intensity at multiple scattering angles. Data acquisition is controlled by a software package
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within 1 h. Triple-detection SEC has become particularly
popular in the field of membrane-protein analysis, where
several publications on the application of triple-detection
SEC to PDCs have been published over the past few years
[11, 28, 31–34]. In the following, we describe a detailed
procedure that is applicable even to complex samples such
as membrane proteins in the presence of both detergent
and high denaturant concentrations.

Sample data
To demonstrate the general experimental setup as well as
preparatory steps and data analysis, we present a basic
characterisation of outer membrane phospholipase A
(OmpLA) from Escherichia coli solubilised in the zwitter-
ionic detergent LDAO. This β-barrel membrane protein
was recombinantly produced in E. coli as inclusion bodies
and subsequently refolded into LDAO micelles, but the
protocol described here can be adapted to any detergent-
solubilised membrane protein. For instance, we have
successfully applied this protocol to the α-helical mem-
brane protein Mistic from Bacillus subtilis solubilised in
the nonionic detergents n-dodecyl-β-D-maltoside (DDM)
and n-nonyl-β-D-maltoside (NM) to demonstrate that
urea-induced unfolding in the presence of either of the
two detergents results in an unfolded state that is dissoci-
ated from micelles irrespective of the detergent used [11].
More results obtained for Mistic solubilised in homolo-
gous alkyl maltoside detergents are shown and discussed
below, where more advanced analysis procedures and lim-
itations of the technique are also demonstrated.

Results and discussion
Separation and characterisation of PDCs and protein-free
micelles
Figure 2a shows the elution profile of monomeric OmpLA
refolded into LDAO [35] as monitored by UV absorbance,
LS, and RI detectors. Data were recorded according to the
procedure described in the protocol below. The elution
profile reveals two distinct peaks at ~9 mL and ~11 mL.
Strong signals in all three detectors identify the first peak
as the one containing protein, whereas the absence of a
noticeable 280-nm absorbance signal indicates that the
second peak reflects protein-free LDAO micelles. This
demonstrates that SEC can separate both species with
baseline resolution, meaning that the first peak returns to
baseline level before the second peak rises, thus allowing
for straightforward and independent determination of the
molar masses and compositions of both species (see
Fig. 2b). The best-fit value of the weight-average molar
mass of OmpLA is 28 kg/mol, which is in good agreement
with the nominal mass of 31 kg/mol of the monomeric
protein. In our experience, deviations from the expected
value of ±10 % are typical of complex membrane-protein
samples, although even better agreement may be obtained
for very well-behaved systems [11]. The mass ratio of
bound LDAO was calculated as 1.15 g/g, meaning that
1.15 g detergent is bound per 1 g protein. This yields a de-
tergent contribution of 33 kg/mol to the overall molar
mass of the PDC, which amounts to 61 kg/mol. Analysis
of the protein-free peak yielded a molar mass of 17 kg/mol
for empty LDAO micelles, thus reproducing the results for

Fig. 2 a Elution profile and b molar masses of OmpLA/LDAO complexes. a Excess RI values and voltages of UV and LS detectors are depicted as
functions of elution volume. PDCs and protein-free detergent micelles elute as two separate peaks at 9 mL and 11 mL, respectively. Peaks at
3 mL and 7 mL are so-called “system peaks” caused by injected air or shedding of the SEC column. b Excess Rayleigh ratios at a scattering angle
of 90° and derived molar masses of OmpLA, LDAO, and the OmpLA/LDAO PDC are plotted versus elution volume. 3 mg/mL OmpLA in 50 mM
Tris, 100 mM KCl, 2 mM EDTA, pH 8.3, cdet,buffer = 4 mM, cdet,sample = 5 mM, flow rate 0.4 mL/min, room temperature (RT)
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micellar LDAO measured in the absence of OmpLA
(data not shown). These results represent a typical well-
behaved membrane protein/detergent mixture compris-
ing two species that can be neatly separated by SEC. In
such cases, triple-detection SEC is an excellent method
for determining both the oligomeric state of the protein
and the amount of detergent bound to it.

Systematic investigation of the influence of urea on micelle
size
Co-solvents such as urea can drastically change the
micellisation behaviour of detergents. For alkyl malto-
sides, for example, it has been shown by DLS that the

micelle size decreases in the presence of denaturant
[36]. However, size determination by DLS provides only
the z-average hydrodynamic radius of scattering particles,
which, additionally, is influenced by hydration of detergent
headgroups. Since hydration is also affected by denaturants,
a decrease in hydrodynamic particle size could result from
changes in headgroup hydration and/or intrinsic micelle
size. By contrast, mass information deduced from static
light scattering is less sensitive to hydration effects; thus,
changes in molar mass can unambiguously be ascribed to
changes in micellisation behaviour. Figure 3 depicts nor-
malised excess Rayleigh ratios and corresponding molar
masses of alkyl maltosides carrying chains comprising 9–12

Fig. 3 SEC as monitored by static light scattering of different alkyl maltosides in the (a) absence and (b) presence of 6 M urea. Excess Rayleigh ratios at
90° and molar masses of DDM, UM, DM, and NM are depicted as functions of elution volume. 50 mM Tris, pH 7.4, 50 mM NaCl, cdet,sample = CMC8 M urea

+ 5 mM, cdet,buffer = CMCbuffer + 2 mM, flow rate 0.4 mL/min, RT
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carbon atoms, namely, n-dodecyl-β-D-maltoside (DDM),
n-undecyl-β-D-maltoside (UM), n-decyl-β-D-maltoside
(DM), and n-nonyl-β-D-maltoside (NM). In these experi-
ments, 100 μL running buffer containing 5 mM micellar
detergent (i.e., detergent at a total concentration corre-
sponding to the critical micellar concentration (CMC)
plus 5 mM) was injected into the triple-detection SEC
setup. The chromatography buffer contained 2 mM micel-
lar detergent to avoid demicellisation resulting from dilu-
tion upon injection of the sample.
Figure 3a shows micelles in the absence and Fig. 3b

micelles in the presence of 6 M urea. Without urea,
molar mass determination yields 66 kg/mol for DDM,
50 kg/mol for UM, 38 kg/mol for DM, and 26 kg/mol
for NM. The masses derived in the presence of 6 M urea
are significantly smaller with 29 kg/mol, 28 kg/mol,
18 kg/mol, and 7 kg/mol, respectively. Despite the pro-
nounced size reduction caused by urea, the elution vol-
umes decreased under denaturing conditions for all
detergents except NM. Hence, classical SEC analysis
based solely on elution volumes would have been possible,
in the optimal case, only after column calibration in the
presence of 6 M urea. Under denaturing conditions, bend-
ing or sloping of the molar mass across the peak, as ob-
served, for instance, for DM in Fig. 3b, is caused by
instabilities in the RI baseline. At high denaturant con-
centrations, the RI baseline tends to oscillate, thus
interfering with baseline correction. In such cases, the
RI signal becomes distorted with respect to the LS sig-
nal, leading to inaccuracies in the determination of
concentrations, which, in turn, results in slightly vary-
ing masses across the peak. Notwithstanding this issue,
the average molar mass value across the entire peak is
usually still reliable. With triple-detection SEC, scattering
particles can be analysed without additional calibration
even in complex situations such as the presence of high
denaturant concentrations. Contrary to previous claims
[37], these results demonstrate that triple-detection SEC is
also compatible with the use of detergents and high con-
centrations of chemical denaturants in general.

Characterisation of the membrane protein Mistic in
detergent micelles under native conditions
Another example of PDC analysis with the aid of triple-
detection SEC is the α-helical membrane protein Mistic
from Bacillus subtilis solubilised in different alkyl mal-
toside detergents [11]. In each experiment, 100 μL
running buffer containing 78 μM Mistic and 5 mM mi-
cellar detergent was injected into the triple-detection
SEC setup. As in the protein-free detergent measure-
ments described above, the chromatography buffer con-
tained 2 mM micellar detergent. Complete sample
preparation, including recombinant production and
chromatographic purification of the protein, is

described in more detail elsewhere [11]. Figure 4a
shows excess Rayleigh ratios of Mistic in alkyl malto-
sides with chains having 9–12 carbon atoms under na-
tive conditions, that is, in the absence of denaturant. As
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Fig. 4 SEC as monitored by static light scattering of Mistic solubilised in
different alkyl maltosides in the (a) absence and (b) presence of 6 M
urea. a Excess Rayleigh ratios at 90° for Mistic solubilised in DDM, UM,
DM, and NM are depicted as functions of elution volume. In the
absence of urea, the traces of NM and DM show two peaks, indicating
separation of PDCs and protein-free micelles. Single peaks for UM and
DDM indicate co-elution of PDCs and micelles. b At 6 M urea, for all
detergents except DDM, unfolded protein and detergent micelles are
separated. The elution volume of the protein is at ~9.3 mL for all
measurements, whereas the elution volumes of detergent micelles
change according to their size. For DDM, unfolded detergent-free
Mistic and DDM micelles co-elute [11]. Additional peaks in the SLS
signal at ~8.5 mL in the DDM and UM traces are so-called “system
peaks”; these peaks are typically caused by injected air or shedding
of the SEC column and do not show up in UV and RI signals. 1 mg/mL
Mistic, 50 mM Tris, pH 7.4, 50 mM NaCl, cdet,sample = CMC8 M urea + 5 mM,
cdet,buffer = CMCbuffer + 2 mM, flow rate 0.4 mL/min, RT
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in the case of protein-free alkyl maltoside micelles (see
above), the elution volume of the PDC depends on the
alkyl chain length, with smaller complexes eluting later
(see Table 1).
For Mistic/NM, analysis is straightforward and can be

performed as described in this protocol, yielding molar
masses of 13 kg/mol and 12 kg/mol for Mistic and
bound NM, respectively. The experimental protein
molar mass agrees very well with the nominal mono-
meric mass of 12.8 kg/mol. Analysis of the second,
nicely separated peak yields a molar mass of 28 kg/mol,
which is in good agreement with pure NM micelles (see
above). Similarly, the molar mass of Mistic was identified
as 13 kg/mol also for all of the other examples presented
in Fig. 4a (see Table 1). However, the mass ratio of
bound detergent/protein appears to increase from ~1 g/g
for the Mistic/NM complex to ~2 g/g for Mistic/DM
and further to ~3 g/g for Mistic/DDM, indicating over-
estimation of the amount of bound detergent for the
long-chain detergents. This can be explained by poor
separation by SEC of these PDCs from the correspond-
ing protein-free micelles. If incomplete separation oc-
curs, contributions from different species to the signals
cannot be separated out neatly, and data analysis re-
quires more caution. In the case of DM, PDCs and
protein-free micelles are only partially separated but can
still be analysed separately, provided that the peak
boundaries are set such that the overlap between the
two peaks is minimised. By contrast, elution profiles in
the presence of UM or DDM give rise to only one peak.
Even in the above cases, the molar mass and the

oligomeric state of the protein can still be estimated rea-
sonably. However, the amount of bound detergent be-
comes difficult or impossible to quantify because triple-
detection SEC averages masses across all species present
in the range analysed. In particular, the detergent concen-
tration derived from the RI signal is the sum of bound de-
tergent and detergent co-eluting in the form of protein-
free micelles, resulting in overestimation of the amount of
detergent bound to the protein.

Limitations of standard analysis procedures and solutions
Triple-detection SEC of Mistic in the presence of 6 M
urea allowed us to demonstrate that the protein’s un-
folded state is detergent-free and may serve as a com-
mon reference state for protein-folding studies [11]. At
high urea concentrations, baseline instabilities prevent
reliable data analysis. Even at 6 M urea, baseline instabil-
ities, particularly in the RI signal, can impede baseline
subtraction in the ASTRA software. Therefore, elution
profiles of Mistic under denaturing conditions were ana-
lysed using a customised analysis script allowing more
sophisticated baseline-subtraction and data-analysis pro-
cedures. For most alkyl maltosides, quantitative analysis
based on light scattering theory was straightforward,
yielding a protein mass of 12–13 kg/mol for the peak at
~9.3 mL in Fig. 4b and demonstrating the absence of de-
tergent from this peak. Hence, this peak represents un-
folded Mistic without any bound detergent. Additionally,
analysis of the peaks eluting at higher volumes yielded
masses very close to those observed in measurements of
the corresponding detergents without protein, namely,

Table 1 Overview of elution volumes and molar masses of Mistic/alkyl maltoside complexes under native and denaturing conditions

0 M urea

Sample Elution volume (mL) Mw,comp (kg/mol) Mw,prot (kg/mol) Mw,det (kg/mol)

Mistic + DDM 9.8 53 13 40

Mistic + UM 10.0 47 13 34

Mistic + DM 10.3 33 13 20

10.8 38 0 38

Mistic + NM 10.5 25 13 12

11.5 28 0 28

6 M urea

Sample Elution volume (mL) Mw,comp (kg/mol) Mw,prot (kg/mol) Mw,det (kg/mol)

Mistic + DDM 9.3 0 13* 30*

Mistic + UM 9.3 12 12 0

10.0 23 0 23

Mistic + DM 9.3 13 13 0

10.8 19 0 19

Mistic + NM 9.3 13 13 0

13.5 9 0 9

*Values derived from linear combination of independent Mistic and DDM measurements rather than global analysis
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23 kg/mol for UM, 19 kg/mol for DM, and 9 kg/mol for
NM (Fig. 3b). Moreover, analysis also confirmed the ab-
sence of protein. In summary, the peak at 9.3 mL can be
assigned to unfolded, detergent-free Mistic, whereas the
peaks at higher elution volumes represent protein-free
detergent micelles; these data are compiled in tabular
form in Table 1.
By contrast, standard analysis of data obtained on Mistic

in the presence of DDM under denaturing conditions
failed because it would result in physically unrealistic pro-
tein and detergent masses. Instead, the only peak in the
Mistic/DDM chromatogram under denaturing condi-
tions can be explained by detergent-free Mistic and
protein-free DDM co-eluting as two independent spe-
cies. This becomes obvious by comparing, on the one
hand, the chromatogram of protein-free DDM micelles
at 6 M (Fig. 5a) and, on the other hand, that of un-
folded Mistic in the presence of the other alkyl malto-
side detergents such as NM (Fig. 5b). Unfortunately,
both DDM micelles and unfolded Mistic elute at
~9.3 mL, that is, at the position at which the only peak
appears in the Mistic/DDM chromatogram under de-
naturing conditions (Fig. 5c). Although this prevents
quantitative analysis of the two species following the
standard protocol, a more sophisticated analysis proced-
ure relying on a linear combination of detergent-free Mis-
tic traces obtained from Mistic/NM measurements and
protein-free DDM traces can overcome this obstacle,
demonstrating that, under unfolding conditions of
6 M urea, Mistic is detergent-free in the presence of
DDM [11].
On a more general note, it is important to keep in

mind that complex solvent mixtures such as concen-
trated denaturant solutions could potentially introduce
additional complications arising from binding of one
solvent component to or its preferential accumulation in
the vicinity of the scattering particles. In the examples
discussed here, for instance, urea is expected to prefer-
entially interact with protein and detergent moieties,
which could affect both effective molar masses and re-
fractive indices. However, our finding that triple-
detection SEC yields, within experimental error, the cor-
rect molar mass of BSA in the presence of 6 M urea
(data not shown) argues against a significant contribu-
tion from such effects in the present case.

Conclusions
Triple-detection SEC is a straightforward and robust
technique for analysing detergent-suspended membrane-
protein samples in terms of PDC composition and oligo-
meric state. Caution has to be taken in special cases, for
instance, in the presence of co-eluting species. Because
triple-detection SEC provides averaged mass values, sim-
ultaneous passage of several co-eluting species through

the detection volumes of UV, LS, and RI detectors ad-
versely affects data analysis. For non-absorbing detergents,
the protein mass can still be determined accurately, but
detergent masses tend to be overestimated. If nominal or
experimental data for (some of) the pure species are avail-
able, the contributions of protein and detergent to the
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peak at ~9.3 mL in both RI and LS signals but shows no UV
absorbance. b Mistic solubilised in 29.6 mM NM produces two
peaks, namely, one at 9.3 mL representing unfolded protein and a
second one at ~13 mL reflecting protein-free detergent micelles. c Mistic
solubilised in 6.08 mM DDM reveals only a single peak at ~9.3 mL in all
three detectors. 1 mg/mL Mistic, 50 mM Tris, pH 7.4, 50 mM NaCl,
cdet,sample = CMC8 M urea + 5 mM, cdet,buffer = CMCbuffer + 2 mM, flow rate
0.4 mL/min, RT
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three signals can be distinguished, so that determination
of both masses is possible even under such challenging
conditions.

Methods
Experimental design
General
We prepare buffers for SEC and LS experiments from ul-
trapure water having a resistivity of >18 MΩ cm as pro-
vided by, for example, a Millipore filtration system (Merck
Millipore). All buffers are filtered through a 0.22-μm filter
with the aid of a vacuum filtration system before addition
of detergent. This helps avoid both clogging of the SEC
column and scattering artefacts. In the course of an SEC
run, the applied sample is diluted, which simplifies data
analysis because no intermolecular interactions have to be
considered [38, 39]. However, precautions need to be
taken to avoid dilution of the detergent below its CMC,
which would result in aggregation and precipitation of the
protein. To ensure the presence of detergent micelles dur-
ing all stages of the experiment, we typically use 2 mM and
5 mM micellar detergent in buffer and sample, respectively.
Some co-solutes and co-solvents such as denaturants in-
crease the CMC [36]; therefore, buffer and sample deter-
gent concentrations have to be adapted under denaturing
conditions. We determine the buffer’s refractive index and
the refractive index increment, dn/dc, of the detergent in
this buffer using a table-top refractometer. Because of the
wavelength dependence of the refractive index [40], it is
important that the wavelength at which the buffer refract-
ive index and dn/dc values are obtained is close to that of
the RI detector used in triple-detection SEC [39]. However,
differences within the wavelength range typically employed
(i.e., 630–690 nm) are negligible [30].

Concentration determination
For concentration determination based on the RI signal,
knowledge of the refractive index increment dn/dc of all
species of interest is essential. For proteins, literature
values of 0.185–0.187 mL/g [28, 31] are often used. How-
ever, the dn/dc value depends on a number of factors, in-
cluding buffer composition, wavelength, and temperature.
The software SEDFIT (http://www.analyticalultracentrifu-
gation.com/default.htm) contains a convenient tool pro-
viding a more accurate estimate of the dn/dc values of
proteins on the basis of their amino acid composition
[41]. For some detergents, literature values are available
[42, 43]; for more complex buffer systems or uncommon
detergents, dn/dc values can be determined as described
in the procedure below. We typically use 10–15 different
detergent concentrations distributed both above and
below the detergent’s CMC, with the exact values depend-
ing on the detergent used. For concentration determin-
ation based on UV absorbance, the extinction coefficient

has to be known. Extinction coefficients for proteins can
also be estimated from amino acid compositions with the
aid of SEDFIT [44] or online tools such as ProtParam
(http://web.expasy.org/protparam/). For some proteins,
however, the extinction coefficient estimated from primary
structure differs significantly from the experimental value;
in such cases, the extinction coefficient has to be deter-
mined experimentally for correct mass calculation. All
detergents mentioned in this protocol do not absorb
significantly in the UV range, but some detergents do,
including the popular Triton series. In these cases, the
extinction coefficient of the detergent has to be consid-
ered in data analysis. If no literature values are avail-
able, the extinction coefficient can be determined from
UV absorbance spectra recorded at different detergent
concentrations, analogously to the procedure for dn/dc
determination described in the protocol part below.

Sample
To ensure good separation by SEC, the sample volume
should be as small as possible and should not exceed the
maximum volume provided by the manufacturer (typic-
ally, 0.5–2 % of the total column volume). We usually
apply 50–100 μL of sample to a column of ~24 mL.

Calibration
When triple-detection SEC is used to determine molar
masses, no system calibration for relating molar mass to
elution volume is needed. Nevertheless, running a sam-
ple protein of known molar mass may be used to cali-
brate the system for peak broadening effects, which is
caused by offsets in elution time among different detec-
tors, volume differences among measurement cells of
different detectors, and normalisation of all LS signals to
the 90° signal [30]. Peak-broadening and interdetector-
delay corrections have to be performed once after the
system has been set up and after each change affecting
detector sequence or interdetector volumes (i.e., length
or diameter of tubing or flow cells). The detector with
the broadest signal peak should be chosen as the ref-
erence detector for peak-broadening correction. This
is usually the RI detector, which also contributes the
most to additional interdetector signal broadening.
Therefore, it is preferable to install the RI detector as
the last detector in line. Normalisation of all LS sig-
nals to the 90° signal has to be performed for a newly
installed LS detector or after exchanging the detec-
tor’s flow cell. We also recommend normalisation of
the LS detector each time a new solvent is used that has a
refractive index significantly different (~10 % deviation)
from that of the solvent for which the last normalisation
was performed.
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Solvent refractive index
Knowledge of the refractive index of the solvent not only
is important for deciding when new calibration is required
but also is indispensable for data analysis. According to
Equation (3), the optical constant K is proportional to the
square of the refractive index of the solvent n0. In the
above examples, with a buffer refractive index of ~1.33 in
the absence of urea and ~1.38 in the presence of 6 M urea,
disregarding this difference would result in systematic er-
rors in the values of the derived molar masses of the PDC
and the protein of ~8 % and, by error propagation, a larger
error in the molar mass of the detergent. Solvent refractive
indices can be measured using a table-top refractometer
operating at a wavelength identical to or, at least, close to
that of the online LS and RI detectors. Additionally, some
online RI detectors can determine not only the differential
RI but also the absolute RI of the solvent. The value of the
solvent refractive index can be corrected before data ana-
lysis by changing the experiment configuration referring
to the solvent settings in ASTRA.

Instruments
The protocol presented here was developed for an
1100/1200 Agilent HPLC system fitted with a G1365B
UV absorbance detector and extended by a mini-
DAWN TREOS light scattering detector and an Opti-
lab T-rEX refractive index detector, both from Wyatt
Technology (see Equipment). Measurements were
controlled through the programs ChemStation and
ASTRA V from Agilent Technologies and Wyatt Tech-
nology, respectively. Note, however, that PDC compos-
ition can be determined with the aid of any setup
providing triple-detection by UV absorbance, LS, and
RI, and data analysis can be performed with any
spreadsheet program [45] following the procedure for
basic LS analysis.

Materials

� Bovine serum albumin (BSA) (Carl Roth, cat. no. 8076,
purity >98 %)

� Ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA)
(Carl Roth, cat. no. 8040, purity >99 %)

� KCl (Sigma, cat. no. 9333, purity >99.0 %)
� LDAO (Sigma, cat. no. 40234; purity >99.0 %, molar

mass 229.4 g/mol).
� NaCl (VWR, cat. no. 27810, purity >99.5 %)
� Tris buffer (Carl Roth, cat. no. 5429, purity >99.9 %)

Equipment

� Buffer vacuum filtration system (Carl Roth, cat. no.
XT09.1) equipped with filter paper with 0.22-μm
pores (Sartorius, cat. no. 18407-50-N).

� Liquid-chromatography system; the system should
include a pump providing a stable flow rate, a
degasser unit, and a UV absorbance detector;
available, for example, from Agilent Technologies,
Bio-Rad Laboratories, Buck Scientific, GE Healthcare,
Hitachi, Jasco Analytical Instruments, Perkin Elmer,
Shimadzu Scientific Instruments, Thermo Scientific,
or Waters Corporation.

� LS detector; in principle, a detector employing a
single scattering angle is sufficient for proteins with
molar masses up to ~106 g/mol. For optimising the
signal/noise ratio, a multi-angle LS detection system
with at least three detection angles is advantageous.
LS detectors are available, for example, from
Malvern Instruments or Wyatt Technology.

� Refractometer, for instance, Abbemat 500 from Anton
Paar or other table-top refractometer providing at
least 5 digits.

� RI detector, for example, OPTILAB T-rEX from
Wyatt Technology.

� Size-exclusion column, preferably with a wide
separation range (e.g., 3–70 kg/mol such as
Superdex 75 10/300 GL from GE Healthcare) to
ensure good separation of PDCs and protein-free
detergent micelles; available from Agilent
Technologies, GE Healthcare, Tosoh Bioscience,
and others.

� Table-top centrifuge; Eppendorf centrifuge 5340 R
or other centrifuge allowing centrifugation of
samples with volumes of several millilitres.

� Dialysis membrane with a molecular-weight cut-off
(MWCO) of 12–14 kg/mol (e.g., Spectrum
Laboratories, cat. no. 132706)

� 5-mL QuixSep Micro Dialyzer capsules (Carl Roth,
cat. no. 0671.1)

� Screw cap with septum suitable for screw-top vial
(Carl Roth, cat. no. LC13.1)

� 1.5-mL screw-top vial (Carl Roth; cat. no LC03.1)
� ASTRA software, version V (Wyatt Technology) or

other software for operating LS and RI detector and
recording data.

� ChemStation software package (Agilent Technologies)
or other software for operating HPLC system and UV
detector.

� Spreadsheet program such as Microsoft Excel, Libre
Office, Open Office, etc. if required for more
sophisticated analysis (see Results and Discussion).

Reagent setup
The reagent setup described below is applicable to system
calibration with BSA and characterisation of OmpLA/
LDAO complexes as detailed in “Separation and charac-
terisation of PDCs and protein-free micelles” and shown
in Fig. 3. Note that system calibration can be performed
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with any sample providing a well-resolved peak. For
other protein/detergent combinations, the reagent
setup will have to be adjusted to meet specific re-
quirements. Use of buffer stocks is recommended for
preparation of buffered solutions containing different
detergent concentrations.
Solution A: Prepare 1.5 L buffer solution containing

50 mM Tris, 100 mM KCl, 2 mM EDTA, adjust the pH
to 8.3 at RT, and filter the buffer through a 0.22-μm fil-
ter using a vacuum filtration system.
Solution B: Prepare 500 mL buffer containing 50 mM

Tris and 50 mM NaCl and adjust the pH to 7.4 at RT.
Filter the buffer through a 0.22-μm filter using a vacuum
filtration system.
From these buffer stock solutions, all required buffers

are prepared by addition of concentrated detergent or
protein and detergent stocks.
For dn/dc determination, a detergent concentration

series is needed. To this end, a detergent (here, LDAO)
stock solution is used to minimise non-systematic errors.
Solution C (LDAO stock solution): Weigh 57.35 mg

LDAO and dissolve it in 10 mL solution A to a final
concentration of 25 mM LDAO.
System calibration is performed using the BSA mono-

mer peak in the absence of detergent.
BSA solution: Weigh 2 mg protein and dissolve it in

2 mL solution B. To remove aggregates and dust, filter
the protein solution through a 0.22-μm syringe filter or
centrifuge it for 10 min at 20’000 g.
Because refolded OmpLA is usually stored in a buffer

different from the one used in the protocol below, buffer
composition as well as protein and detergent concentra-
tions have to be adjusted prior to triple-detection SEC
measurements.
OmpLA stock solution: Refolded OmpLA (typically

at a concentration of 3–4 mg/mL) is dialysed to adjust
the detergent concentration to 5 mM and to complex
traces of Ca2+ that would induce dimerisation of
OmpLA. To this end, proceed as follows:
Solution D (dialysis buffer): Weigh 573.5 mg LDAO

and dissolve it in 500 mL solution A to a final concen-
tration of 5 mM LDAO.
Solution E (running buffer): Weigh 458.8 mg LDAO

and dissolve it in 500 mL solution A to a final concen-
tration of 4 mM LDAO.
OmpLA sample: Dialyse at least 1 mL of the OmpLA

stock solution with the aid of a Micro Dialyzer capsule
fitted with a dialysis membrane with a cut-off of
12–14 kg/mol against a 100-fold excess volume of solu-
tion D overnight at RT. Determine the final protein con-
centration and prepare a 500-μL sample of ~3 mg/mL
OmpLA by dilution with solution D. To remove aggregates
and dust, centrifuge the sample for 10 min at 20’000 g
and 10 °C.

Protocol
Determination of refractive index increment
1| From solutions A and C, prepare an LDAO dilution
series at 15 different concentrations with 1 mL of each
concentration (e.g., 25, 20, 15, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1, 0.5,
and 0 mM) (30 min).
2| Record the refractive index of each sample and deter-
mine dn/dc using either one of the following two proce-
dures (2-3 h).

(A) Use of a standalone table-top refractometer. Use a
table-top refractometer measuring at a wavelength
close to that of the online LS and RI detectors.
(i) Set the measurement temperature to 20 °C.
(ii) Wipe the measuring prism with ultrapure

water to remove dust and contaminations.
(iii) Apply ~500 μL sample, starting with pure

solvent, and wait until the signal has stabilised.
It is of critical importance to wait until the
displayed value has stabilised; for denaturant-
containing solutions, in particular, this may take
some time (i.e., 10–15 min).

(iv) Record the displayed RI value and continue
with the next concentration.

(v) Correct the refractive index at each LDAO
concentration by subtracting the refractive
index of solution A (n0) to obtain Δn = n–n0.

(vi) Plot Δn versus the detergent concentration
in g/mL.

(vii) Perform a linear regression of the data using a
spreadsheet program such as MS Excel [45].
The slope provides the dn/dc value in mL/g.

(B) Use of the OPTILAB T-rEX in batch mode. At this
point, it is necessary that the RI detector is
connected to the HPLC pump by a loop of
0.5–1 mL, bypassing any column or other
detector, or to a syringe pump providing a flow
rate of 0.1–0.2 mL/min.
(i) Turn Purge on and flush the reference and

measurement chambers with ultrapure water
for ~10 min.

(ii) Turn Purge off and monitor the baseline.
When the baseline signal is stable, zero the RI
detector by selecting Zero in the detector
Main screen.

(iii) Prepare for data acquisition with the ASTRA
software by opening a new experiment using
the template Batch (determine dn/dc).

(iv) Start data acquisition by running the
experiment and introduce pure solvent as
first sample. Wait until the baseline signal
is stable. Manual sample application is
preferred over use of an autosampler
because the former is more flexible in
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terms of volume applied and time allowed
for signal stabilisation.

(v) During data collection in ASTRA, introduce
the series of LDAO concentrations starting
with the lowest concentration. For each
concentration, wait until the signal stabilises
and reaches a plateau before you apply the
next sample.

(vi) After the sample with the highest LDAO
concentration has been measured, inject
solution A (i.e., pure solvent) again to re-
establish the baseline. When the baseline is
stable, stop data acquisition.

(vii) In the Baselines section, define a baseline by
choosing the pure solvent blank. Left-click on
the left-hand side of the plot and drag a line
from the blank plateau at the beginning to the
blank plateau at the end of the acquisition.

(viii)Define a peak for each plateau region, but do
not select a peak for the blank injection. In the
table at the Refractive Index node, enter the
concentration for each sample in the row
entitled Concentration (g/mL).

(ix) Apply your settings by clicking OK; now, the
dn/dc value is provided in the Report section.

Determination of dn/dc values as described above can
be performed independently of all other steps.

System calibration (bench time 2 h, additional 4 h of
automated run)
3| Equilibration of the system. Equilibrate the Super-
dex 75 10/300 column (dimensions 1.0 cm × 30 cm,
total volume ~24 mL) and the detectors by running
solution B at a flow rate of 0.5 mL/min for ~180 min. Make
sure that the RI detector is in purge mode to exchange the
buffer in the reference and measurement chambers.
4| Turn the UV lamp and the LS laser on and wait for at
least 20 min before starting data acquisition.
5| To ensure equilibration, verify that all three detectors
(i.e., UV, LS, and RI) show stable baseline signals towards
the end of the equilibration period.
6| Disable Purge at the RI detector.
7| Configuration of ASTRA experimental settings.
Use either one of the following two procedures.

(A) Create a new experiment in the ASTRA software
using a template including data collection of all
three detectors (i.e., UV, LS, and RI) as well as the
procedures Interdetector Delay, Band Broadening,
and Normalization.

(B) Create a new experiment template.
(i) Open a new experiment using the system

template online.

(ii) Add a new detector by choosing
Configuration→ Edit Configuration in the
Instruments section. In the Add line, choose
Generic UV instrument.

(iii) Set the UV Response Factor to 1 (in general,
you will find the right value for your detector
in the detector manual) and disable Band
Broadening.

(iv) Add two Fluid connections and one Aux
channel connection, representing real fluid
connections and a data connection from the
UV detector, respectively. Proceed as when
adding a new detector, but choose the
Add→ Browse command in the Connection
section. For the first fluid connection, specify
the Injector and the Generic UV instrument as
Source and Destination Device, respectively.
The second fluid connection must contain the
Generic UV instrument and the miniDAWN
TREOS as Source and Destination Device,
respectively. For the Aux connection, the
Generic UV instrument must be specified as
Source Device and the LS detector as
Destination Device. Additionally, specify the
respective data port number for the Aux
channel; in case of doubt, check your
computer’s settings for the correct port
number.

(v) Change the LS device to miniDAWN TREOS
if another LS device is specified.

(vi) Save the configuration as SEC_SLS_Calibration
by choosing Save As Template.

8| Under Basic collection, set Duration to 60 min and
Collection Interval to 0.125 s. Make sure to enable
Trigger on Auto-Inject.
9| Save the experiment.
10| Create an acquisition method in ChemStation.
From the Method menu, select Edit Entire Method.
Enable Method Information and Instrument.
11| In the Method Information window, you can enter
information about the intended use of the method (e.g.,
method for system calibration), buffer composition
(50 mM Tris, 50 mM NaCl, pH 7.4), SEC column specifi-
cation (Superdex 75 10/300), and flow rate (0.5 mL/min).
This has no influence on the experimental settings but
helps in identifying the method later on.
12| Specify method settings in the respective dialogue as
given in Table 2. The Stop Time must be the same as the
Duration in ASTRA’s experimental settings; otherwise, data
collection for the second and following injections cannot
be triggered by the injection signal. See Fig. 6 for an over-
view of the interplay between the ChemStation and
ASTRA software packages. Accept changes by clicking OK.
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13| Save your method as a new file with the name
SEC_SLS_Calibration.
14| From the Sequence menu, select Sequence Table.
15| Fill the table with the information given in Table 3.
The sample volume specified in the sequence table must
be the same as the injection volume in the method used.
Otherwise, the sequence table setting overwrites the
method setting.
16| In the sequence menu, select Sequence Parameter.
17| Enter your name as operator and specify the prefix as
SEC_SLS_Calibration, extended by the counter serving as
file name, and the subdirectory in which your data should

be stored. If you omit this step, you will overwrite older
files.
18| Save your sequence as SEC_SLS.
19| Transfer your BSA sample into a screw-top vial with
septum, place it into the sample tray, and make sure you
put the tray back in place correctly.
20| Start the experiment in ASTRA. In the Experi-
ment menu, select Run. Waiting for auto-injection signal
will be displayed in the Collection plot. It is crucial to al-
ways start the sequence in ASTRA before starting the
method in ChemStation; otherwise, data collection can-
not be triggered by the auto-injection signal.
21| Start the run in ChemStation. Click the Start but-
ton to start the method. Select Yes when asked whether
you want to save changes you made to the method.
22| After the run is completed, open your datasets in
ASTRA. Choose the SEC_SLS_Calibration dataset and
re-run it by selecting Run in the Manage option of the
selected file.
23| Baseline correction. Go to Baselines and enable the
LS 2 trace. Set your baseline by left-clicking in the blank
region at the beginning of the trace before (i.e., to the left
of) the peak(s) and dragging to the blank region at the
end of the trace (i.e., to the right of the peak(s)). Click
Auto Baseline to transfer your selection to all other traces.
24| Visually inspect the baseline settings in all traces and
change them if the displayed baseline cuts peaks or pro-
ceeds below the background level of the signal. Click
Apply to re-run the analysis sequence with new baseline
settings.

Table 2 Method settings in ChemStation for system calibration

Pump Parameter

Flow 0.5 mL/min

Stop Time 60 min

Solvent A 100 %

Pressure Limits Max system pressure + 18 MPa

Injector

Standard Injection Enable

Injection Volume 100 μL

DAD Parameter (UV diode array)

Signals Store Enable 280 nm

Stop Time As pump

Peakwidth 1 s

Slit 4 nm

ChemStation
Chromatography & UV detector settings

ASTRA
LS & RI detector settings; experiment control

Sequence 
Table

Sample SetMethod Experiment

Manages information for 
sample injection by 
autosampler. 

Specifies chromatography 
and UV detector settings.

Specifies number and 
type(s) of sample(s) and 
experiment template(s).

Specifies other settings:
(1) Detector and 
connection specifications 
in .
(2) Data acquisition and 
analysis procedures in 

.
(3) Summarised settings 
and results in .

consistent settings required

Fig. 6 Scheme of control software. The main features of ChemStation and ASTRA and the menus for controlling detectors, data acquisition, and
data analysis are depicted together with the interfaces between the two programs
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25| Interdetector delay correction. Go to Interdetector
Delay and select the main region of the BSA monomer
peak at an elution time of ~19 min. Click Determine
Delays. The procedure provides the signal delays of the
LS and RI detectors referenced to the UV absorbance
detector in millilitres.
26| Apply the value obtained for the UV–LS connection
in the Volume row of the Fluid connection configuration
for these two detectors. Click Apply.
27| To obtain the delay volume between LS and RI de-
tectors, determine the difference between the UV–LS
and the UV–RI interdetector delays and insert this differ-
ence in the Volume row of the Fluid connection between
LS and RI detectors. Click Apply.
28| Band-broadening correction. Go to the Band
Broadening procedure and select the BSA monomer
peak; be careful not to choose a region affected by other
eluting species. Typically, one starts halfway up the lead-
ing edge until the point where all detector signals have
returned to the baseline. Choose the RI detector as
Reference Instrument and perform the fit by clicking
Perform Fit.
29| Examine the fit. Without despiking or smoothing,
the Instrumental Term, which represents the additional
volume introduced by the measurement cell, should not
exceed 1 μL. If despiking or smoothing has been per-
formed before, this value might be >1 μL but should still
be smaller than the Mixing Term, which accounts for
the influence of the capillary. If the Instrumental Term
is significantly larger and matching between the peaks is
not good, repeat the fit by using Reset and Apply seed
values for Instrumental and Mixing Term.
30| If matching between the peaks is good, click OK to
re-run the experiment with the new values.
31| Additionally, insert the determined Instrumental and
Mixing Term in microlitres in the respective sections in
the configuration sheets of the LS and UV detectors.
32| Peak selection. Define the peak to be analysed
around the maximum of the BSA monomer peak by
left-clicking into the chromatogram and dragging the bor-
ders around the region of interest. Make sure that your se-
lection does not contain any contamination from other
eluting species, particularly, the dimer fraction of BSA.
33| Normalisation. Select the Normalization procedure.
Set Peak Name to Peak 1 and Radius to 3 nm.

Normalization Type has to be standard and Radius Type
rms. Choose Action Normalize.
34| Click Apply to use the new normalisation values.
35| Insert the normalisation values in the Normalization
Coefficients section of the miniDAWN TREOS configur-
ation in the row entitled New.
36| Save the experiment with all changes as template
under SEC_SLS_online. Measurements used to determine
PDC composition can be performed independently.

Measurement of OmpLA/LDAO complexes (bench time
45 min, additional 8 h of unattended equilibration and
data acquisition)
37| Determine the refractive index of solution E as
described in step 2|.
38| Preparation of the system. Equilibrate the SEC
column and the detectors as described in Steps 3|–6|
but with solution E, a flow rate of 0.4 mL/min, and for
210–240 min.
39| Configuration of ASTRA experimental template.
Open a new experiment in ASTRA based on the tem-
plate SEC_SLS_online (see step 36|).
40| Adjust Flow Rate to 0.4 mL/min, Duration to 80 min,
and Collection Interval to 0.5 s. Make sure Trigger on
Auto-Injection is enabled.
41| Additionally, the changes given in Table 4 regarding
pump, sample, and buffer configuration must be
applied.
42| Save the changed experiment template as
SEC_SLS_PDC.
43| Generation of a sample set in ASTRA. For mea-
surements comprising more than one injection or sam-
ple, it is convenient to create a sample set instead of a
single experiment in ASTRA. For this purpose, choose
Blank in the New section of the File menu.
44| Specify the experiment template and provide sample
information. To this end, follow either one of the follow-
ing two procedures.

Table 3 Sequence table settings in ChemStation for system
calibration

Location Position of your sample in
the sampling tray

Method SEC_SLS_Calibration

Injection (number of replicates of the
sample that must be run)

1

Sample volume 100 μL

Table 4 ASTRA settings for PDC measurements

Generic pump

Flow Rate (mL/min) 0.4

Solvent

Reference Refractive Index 1.335 (i.e., the refractive index
determined in step 37|)

Injector

Injected Volume (mL) 0.05

Sample

dn/dc (mg/mL) 0.1946

UV Extinction Coefficient
(mL/(g cm))

2668
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(A) Work with a general experiment template for all
samples.
(i) Select the SEC_SLS_PDC template from step

42| as Default Experiment Template. This will
be applied to all samples specified in the
sample set. Sample information is applied
automatically.

(ii) Specify the position of your sample in the
sampling tray in the field entitled Well. Insert
OMPLA_LDAO as Name under which data shall
be saved and set the number of injections in the
Inj field to 3. Check if the other settings are
identical to the ones given in steps 40| and 41|.

(B) Work with separate experiment templates for each
independent sample.
(i) Leave Default Experiment Template blank and

choose the SEC_SLS_PDC template from step
42| for each sample in the Samples node
individually. Thus, you can specify a different
experiment template for each sample.

(ii) Specify the position of your sample in the
sampling tray in the field entitled Well. Insert
OMPLA_LDAO as the name under which data
shall be saved and set the number of injections
in the Inj field to 3. Set the values of the other
fields to the values given in steps 40| and 41|
and select SEC_SLS_OMPLA as Template.

45| Save the sample set as OMPLA_LDAO.
46| Configuration of ChemStation settings. In the
method SEC_SLS_Calibration (see step 13|), change Flow
Rate, Stop Time, and Injection Volume to 0.4 mL/min,
80 min, and 50 μL, respectively.
47| Save the method under the name SEC_SLS_PDC.
48| Continue as described in steps 14| to 18| but make
sure that the number of injections in the sequence table
now equals 3.
49| Transfer the OmpLA sample into a screw-top vial
with septum, place it into the sample tray, and make
sure to put back the tray correctly.
50| Start data acquisition as described in steps 20| and
21| but by choosing Run in the Sample Set instead of
the Experiment menu.

Data analysis can be performed independently of data
acquisition.

Data processing (10-30 min per experiment)
51| In the File menu, choose Open and select the experi-
ment file OMPLA_LDAO(001)[OMPLA_LDAO] from
step 50| to load it into ASTRA.
52| From the Manage menu of the experiment, choose
Add To Experiment and select the Analysis procedure
Protein conjugate analysis. Move it by drag-and-drop

into the analysis sequence so it is placed before the Fit
Mass or Radius procedure.
53| Add an additional report for the protein conjugate.
To do so, go to Add To Experiment and open the Result
folder. Choose Report and click OK. A new report entry
is created.
54| Double-click the newly added Report (untitled1)
item. Expand the Template node and select the system
report template protein_conjugate_detailed from the Re-
port folder in the ASTRA installation folder. In the field
entitled Description, name the report as Report PDC
Characterisation.
55| Set the baseline as described in steps 23| and 24|.
The selected baseline range should span almost the en-
tire elution time window to correct for fluctuations.
56| Select peaks around the maximum of the OmpLA/
LDAO and the LDAO peaks at ~9 mL and ~11 mL, re-
spectively. The detailed procedure is described in step
32|. Make sure your selection does not include parts of
other peaks.
57| The table below the chromatogram displays both se-
lected peaks. In the fields at the LS Analysis node, the
settings given in Table 5 should be displayed. If one or
more values differ from the above ones, change them
accordingly.
58| Additionally, insert the detergent’s dn/dc value deter-
mined in steps1| and 2| in the field entitled Modifier dn/
dc (mL/g) at the Extended Parameters node of both
peaks. Click Apply to re-run the analysis sequence with
the changed settings.
59| In the Protein Conjugate Analysis section, inspect
the Zimm plot and the values determined for the mass
of the PDC and the masses of the protein and the de-
tergent for each data point of the selected peak range.
60| Go to the Report section and select Report PDC
Characterisation. The latter summarises all information
regarding the configuration of your system, including
detector settings, peak settings used for analysis, and
analysis results both as weight- and number-averaged
values of the molar mass of the PDC, the protein, and
the detergent and as z-averaged values of the radius of
the complexes in both peaks. As additional information,

Table 5 Settings for LS analysis in ASTRA

Model Zimm

Fit Degree 1

dn/dc (mL/g)* 0.1946

UV Extinction (mL/(g cm)) 2668

Modifier dn/dc (mL/g) 0.1592

Modifier UV Extinction (mL/(g cm)) 0

(*) dn/dc value of the protein; here determined with the SEDFIT software
tool [41]
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the protein fraction moment and the polydispersity are
provided.
61| Check, in particular, the analysis range, the settings for
the solvent refractive index dn/dc, and the absorbance
values for correctness. If necessary, change settings in the
appending section and apply the changes to the experiment.

62| Save the analysed experiment.

(A) Choose Save. The analysed experiment is saved.
(B) Choose Save As Template. Changes in the analysis

procedure and sample settings are saved as
template and can be applied to the other two data

Table 6 Troubleshooting advice

Step Problem Possible Reason Solution

2 The refractive index increases even
after long equilibration time.

High denaturant concentrations can
cause detergent precipitation.

Dilute sample to lower denaturant concentration
and perform experiment at this concentration.

Denaturant precipitates.

2B No plateau is reached. Loop volume is too small; hence, the
applied volume does not completely fill
the measurement chamber.

Install larger sample loop.

2B Change between plateaus is not
pronounced enough for reliable
discrimination.

Flow rate of syringe pump is too high. Reduce flow rate to (0.1–0.2) mL/min.

2B Baselines are unstable. Disconnection of syringe causes pressure
changes and injection of air bubbles.

Wait for a few minutes until the baseline is stable
again.

5, 21, 38, 50 RI baseline is unstable. Too much gas dissolved in solvent. Make sure your buffer is degassed before using it in
triple-detection SEC.

The flow rate has changed. Use the same flow rate during system equilibration
and measurement to allow the baseline to stabilise.

19–21, 50 Measurement cannot be started. Sample tray is not placed correctly.
Connection between software and LS or
RI detector is lost.

Remove tray and make sure it is put back in place
correctly. Close ASTRA, restart the detectors, and
subsequently restart ASTRA.

21, 50 No data acquisition in ASTRA. Method in ChemStation was started
before the sample set in ASTRA was
started.

Stop method in ChemStation, check that enough
sample is left, and start ASTRA data acquisition
before restarting the method run in ChemStation.

28 Reference detector is not the one
with the broadest signal.

Wrong reference detector chosen.
Inappropriate peak selection.

Make sure to choose the detector with the broadest
signal. This is normally the last detector in line and
should be the RI detector. Make sure you set the
peak boundaries from halfway up the peak to the
point where all detector signals have returned to
baseline.

55 Baseline cuts peaks to be analysed. High denaturant or salt concentrations
cause baseline instabilities.

Set baselines manually for each detector individually,
such that the flanks of peaks of interest essentially
reach baseline level without being cut or shifted
upwards.

59 Systematic deviation from linearity of
one of the LS detectors.

Detectors are not normalised correctly. Check detector normalisation values. If necessary,
repeat normalisation. If the sample analysed reveals a
unimodal particle size distribution, normalisation can
be done using the actual measurement according to
the procedure described in step 33|.

59 Data points cannot be fitted with a
linear fit.

Scattering particles are large (i.e.,
>50 nm), and, thus, the Zimm plot is
significantly curved.

Select a different fit model in the peak section.

59 Molar mass plot is bent upwards or
downwards within the analysed
region (smiley or anti-smiley effect).

Band-broadening correction is incorrect. Check settings for instrument and mixing terms; if
necessary, repeat band-broadening correction for
current solvent system.

60 The results obtained are far from
expected or reasonable values.

Incomplete separation of different species. Install a different SEC column that is able to separate
the species of interest. Try manual, more complex
analysis algorithms that are able to distinguish
contributions from different species (see Results and
Discussion).

60, 63 Analysis is not possible. Molar
masses are displayed as N/A in the
final report.

Baseline correction, peak selection, or
constants needed for analysis were not
adapted to the system being analysed.

Check if baseline settings and peak selection are
correct and if the saved constants correspond to the
system you are analysing.
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files of the measurement. Name the template
SEC_SLS_OMPLA. Changes described in steps 52|
to 54| and 58| are superseded.

All data files can be analysed independently. The ex-
periment can be saved after any step, and analysis can be
continued later.

63| Analyse the other two datasets as described above.

(A) If alternative 62|(A) was chosen above, open the
datasets OMPLA_LDAO(002)[OMPLA_LDAO] and
OMPLA_LDAO(003)[OMPLA_LDAO] and repeat
steps 51| to 62|.

(B) If you chose alternative 62|(B), open the datasets
OMPLA_LDAO(002)[OMPLA_LDAO] and
OMPLA_LDAO(003)[OMPLA_LDAO], go to Apply
Template in the Experiment menu, and select the
template SEC_SLS_OMPLA from step 62|(B).
Baseline correction and peak selection have to be
performed as described in steps 23| and 55|,
respectively. Repeat steps 59| to 62| as described
above.

Troubleshooting advice
The most common problems encountered in triple-detection
SEC and data analysis, the steps where they most likely
appear, and possible solutions are summarised in Table 6.

Abbreviations
AUC: analytical ultracentrifugation; BSA: bovine serum albumin; CMC: critical
micellar concentration; DDM: n-dodecyl-β-D-maltoside; DLS: dynamic light
scattering; DM: n-decyl-β-D-maltoside; EDTA: ethylenediamine-N,N,N’,N’-
tetraacetic acid; LDAO: lauryldimethylamine N-oxide; LS: static light
scattering; MWCO: molecular-weight cut-off; NM: n-nonyl-β-D-maltoside;
OmpLA: outer membrane phospholipase A; PDC: protein/detergent complex;
RI: refractive index; RT: room temperature; SDS-PAGE: sodium dodecyl sulphate
polyacrylamide gel electrophoresis; SEC: size-exclusion chromatography;
UM: n-undecyl-β-D-maltoside; UV: ultraviolet.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KG designed the protocol and performed experiments, JK prepared OmpLA
samples, KG and SK analysed data and wrote the manuscript. All authors read
and approved the final manuscript.

Acknowledgments
We are grateful to Prof. Dr. Hans Hasse, Agnes Fröscher, and Eva Hackemann
(all University of Kaiserslautern) for providing instrument access and technical
assistance; Dr. Sebastian Fiedler (University of Kaiserslautern, now University of
Toronto, Canada) for help during the initial stages of the project; Bartholomäus
Danielczak (University of Kaiserslautern) for determination of detergent dn/dc
values and Mistic production and purification; and Anne Grethen, Martin Textor,
and Dr. Carolyn Vargas (all University of Kaiserslautern) for helpful comments on
the manuscript. This work was supported by a scholarship from the Carl Zeiss
Foundation to KG and by the International Research Training Group 1830
funded by the Deutsche Forschungsgemeinschaft (DFG).

Received: 29 October 2015 Accepted: 29 December 2015

References
1. Pebay-Peyroula E. Biophysical Analysis of Membrane Proteins: Investigating

Structure and Function. Weinheim: Wiley; 2007.
2. Bordag N, Keller S. α-Helical transmembrane peptides: A “divide and conquer”

approach to membrane proteins. Chem Phys Lipids. 2010;163:1–26.
3. Le Maire M, Champeil P, Møller JV. Interaction of membrane proteins and

lipids with solubilizing detergents. Biochim Biophys Acta - Biomembr. 2000;
1508:86–111.

4. Wei Y, Li H, Fu D. Oligomeric state of the Escherichia coli metal transporter
YiiP. J Biol Chem. 2004;279:39251–9.

5. Bamber L, Harding M, Butler PJG, Kunji ERS. Yeast mitochondrial ADP/ATP
carriers are monomeric in detergents. Sci York. 2006;103:1–6.

6. Khao J, Arce-Lopera J, Sturgis JN, Duneau J-P. Structure of a protein–detergent
complex: the balance between detergent cohesion and binding. Eur Biophys J.
2011;40:1143–55.

7. Privé GG. Detergents for the stabilization and crystallization of membrane
proteins. Methods. 2007;41:388–97.

8. Breyton C, Tribet C, Olive J, Dubacq J. Dimer to monomer conversion of the
Cytochrome b6f complex. J Biol. 1997;272:21892–900.

9. Prince CC, Jia Z. Detergent quantification in membrane protein samples and
its application to crystallization experiments. Amino Acids. 2013;45:1293–302.

10. Jacso T, Bardiaux B, Broecker J, Fiedler S, Baerwinkel T, Mainz A,
et al. The mechanism of denaturation and the unfolded state of the
α-helical membrane-associated protein Mistic. J Am Chem Soc. 2013;
135:18884–91.

11. Broecker J, Fiedler S, Gimpl K, Keller S. Polar interactions trump hydrophobicity
in stabilizing the self-inserting membrane protein mistic. J Am Chem Soc.
2014;136:13761–8.

12. Fiedler S, Broecker J, Keller S. Protein folding in membranes. Cell Mol Life
Sci. 2010;67:1779–98.

13. Laemmli UK. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 1970;227:680–5.

14. Schägger H, Aquila H, Von Jagow G. Coomassie blue-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for direct visualization of
polypeptides during electrophoresis. Anal Biochem. 1988;173:201–5.

15. Rath A, Glibowicka M, Nadeau VG, Chen G, Deber CM. Detergent binding
explains anomalous SDS-PAGE migration of membrane proteins. Proc Natl
Acad Sci U S A. 2009;106:1760–5.

16. Kunji ERS, Harding M, Butler PJG, Akamine P. Determination of the
molecular mass and dimensions of membrane proteins by size exclusion
chromatography. Methods. 2008;46:62–72.

17. Newby ZER, O’Connell JD, Gruswitz F, Hays F a, Harries WEC, Harwood IM, et
al. A general protocol for the crystallization of membrane proteins for
X-ray structural investigation. Nat Protoc. 2009;4:619–37.

18. Erickson HP. Size and shape of protein molecules at the nanometer level
determined by sedimentation, gel filtration, and electron microscopy. Biol
Proced Online. 2009;11:32–51.

19. Gast K, Modler AJ. Studying Protein Folding and Aggregation by Laser Light
Scattering. In: Buchner J, Kieferhaber T, editors. Protein Folding Handbook:
Part 1. Weinheim: Wiley-VCH; 2004. p. 669–705.

20. Murphy R. Static and dynamic light scattering of biological macromolecules:
what can we learn? Curr Opin Biotechnol. 1997;8:25–30.

21. Lu JX, Sharpe S, Ghirlando R, Yau WM, Tycko R. Oligomerization state and
supramolecular structure of the HIV-1 Vpu protein transmembrane segment
in phospholipid bilayers. Protein Sci. 2010;19:1877–96.

22. Cole JL, Lary JW, P. Moody T, Laue TM. Analytical ultracentrifugation:
Sedimentation velocity and sedimentation equilibrium. Methods Cell Biol.
2008;84:143–79.

23. le Maire M, Arnou B, Olesen C, Georgin D, Ebel C, Møller JV. Gel
chromatography and analytical ultracentrifugation to determine the extent
of detergent binding and aggregation, and Stokes radius of membrane
proteins using sarcoplasmic reticulum Ca2+-ATPase as an example. Nat
Protoc. 2008;3:1782–95.

24. Ghirlando R. The analysis of macromolecular interactions by sedimentation
equilibrium. Methods. 2011;54:145–56.

25. Salvay AG, Ebel C. Analytical ultracentrifuge for the characterization of
detergent in solution. Prog Colloid Polym Sci. 2006;131:74–82.

26. Ebel C. Sedimentation velocity to characterize surfactants and solubilized
membrane proteins. Methods. 2011;54:56–66.

27. Le Roy A, Breyton C, Ebel C. Analytical Ultracentrifugation and Size-Exclusion
Chromatography Coupled with Light Scattering for Characterization of

Gimpl et al. Biological Procedures Online  (2016) 18:4 Page 17 of 18



Membrane Proteins in Solution. In: Mus-Veteau I, editor. Membrane Proteins
Production for Structural Analysis. New York: Springer; 2014. p. 267–88.

28. Slotboom DJ, Duurkens RH, Olieman K, Erkens GB. Static light scattering
to characterize membrane proteins in detergent solution. Methods.
2008;46:73–82.

29. Zimm BH. Apparatus and methods for measurement and interpretation of
the angular variation of light scattering; preliminary results on polystyrene
solutions. J Chem Phys. 1948;16:1099.

30. Podzimek S. Light Scattering, Size Exclusion Chromatography and
Asymmetric Flow Field Flow Fractionation: Powerful Tools for the
Characterization of Polymers, Proteins and Nanoparticles. New Jersey: John
Wiley & Sons; 2011.

31. Maezawa S, Hayashi Y, Nakae T, Ishii J, Kameyama K, Takagi T. Determination
of molecular weight of membrane proteins by the use of low-angle laser
light scattering combined with high-performance gel chromatography in the
presence of a non-ionic surfactant. Biochim Biophys Acta. 1983;747:291–7.

32. Wen J, Arakawa T, Philo JS. Size-exclusion chromatography with on-line
light-scattering, absorbance, and refractive index detectors for studying
proteins and their interactions. Anal Biochem. 1996;240:155–66.

33. Folta-Stogniew E, Williams KR. Determination of molecular masses of proteins
in solution: Implementation of an HPLC size exclusion chromatography and
laser light scattering service in a core laboratory. J Biomol Tech. 1999;10:51–63.

34. Korepanova A, Matayoshi ED. HPLC-SEC characterization of membrane
protein–detergent complexes. Curr Protoc Protein Sci. 2012;1:1–12.

35. Herrmann M, Danielczak B, Textor M, Klement J, Keller S. Modulating bilayer
mechanical properties to promote the coupled folding and insertion of an
integral membrane protein. Eur Biophys J. 2015;44:503–12.

36. Broecker J, Keller S. Impact of urea on detergent micelle properties. Langmuir.
2013;29:8502–10.

37. Tanase M, Zolla V, Clement CC, Borghi F, Urbanska AM, Rodriguez-Navarro
JA. Hydrodynamic size-based separation and characterization of protein
aggregates from total cell lysates. Nat Protoc. 2014;10:134–48.

38. Zimm BH. The scattering of light and the radial distribution function of high
polymer solutions. J Chem Phys. 1948;16:1093.

39. Wyatt PJ. Light scattering and the absolute characterization of
macromolecules. Anal Chim Acta. 1993;272:1–40.

40. Thormählen I, Straub J, Grigull U. Refractive index of water and its dependence
on wavelength, temperature, and density. J Phys Chem Ref Data. 1985;14:933.

41. Zhao H, Brown PH, Schuck P. On the distribution of protein refractive index
increments. Biophys J. 2011;100:2309–17.

42. Emerson MF, Holtzer a. On the ionic strength dependence of micelle
number. II. J Phys Chem. 1967;71:1898–907.

43. Strop P, Brunger AT. Refractive index-based determination of detergent
concentration and its application to the study of membrane proteins.
Protein Sci. 2005;14:2207–11.

44. Schuck P. Size-distribution analysis of macromolecules by sedimentation
velocity ultracentrifugation and lamm equation modeling. Biophys J. 2000;
78:1606–19.

45. Kemmer G, Keller S. Nonlinear least-squares data fitting in Excel spreadsheets.
Nat Protoc. 2010;5:267–81.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Gimpl et al. Biological Procedures Online  (2016) 18:4 Page 18 of 18


	Abstract
	Background
	Results
	Conclusions

	Background
	Experimental methods for determining molar masses
	Basic light scattering theory
	Triple-detection SEC
	Sample data

	Results and discussion
	Separation and characterisation of PDCs and protein-free micelles
	Systematic investigation of the influence of urea on micelle size
	Characterisation of the membrane protein Mistic in detergent micelles under native conditions
	Limitations of standard analysis procedures and solutions

	Conclusions
	Methods
	Experimental design
	General
	Concentration determination
	Sample
	Calibration
	Solvent refractive index
	Instruments

	Materials
	Equipment
	Reagent setup
	Protocol
	Determination of refractive index increment
	System calibration (bench time 2 h, additional 4 h of automated run)
	Measurement of OmpLA/LDAO complexes (bench time 45 min, additional 8 h of unattended equilibration and data acquisition)
	Data processing (10-30 min per experiment)

	Troubleshooting advice
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgments
	References



