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Small-angle neutron scattering (SANS) is maturing as a method for studying

complex biological structures. Owing to the intrinsic ability of the technique to

discern between 1H- and 2H-labelled particles, it is especially useful for contrast-

variation studies of biological systems containing multiple components. SANS is

complementary to small-angle X-ray scattering (SAXS), in which similar contrast

variation is not easily performed but in which data with superior counting

statistics are more easily obtained. Obtaining small-angle scattering (SAS) data

on monodisperse complex biological structures is often challenging owing to

sample degradation and/or aggregation. This problem is enhanced in the D2O-

based buffers that are typically used in SANS. In SAXS, such problems are

solved using an online size-exclusion chromatography (SEC) setup. In the

present work, the feasibility of SEC–SANS was investigated using a series of

complex and difficult samples of membrane proteins embedded in nanodisc

particles that consist of both phospholipid and protein components. It is

demonstrated that SEC–SANS provides data of sufficient signal-to-noise ratio

for these systems, while at the same time circumventing aggregation. By

combining SEC–SANS and SEC–SAXS data, an optimized basis for refining

structural models of the investigated structures is obtained.

1. Introduction

In structural biology, X-ray crystallography is still the domi-

nating source of information. However, many proteins, for

example membrane proteins, are notoriously difficult to

crystallize, and intrinsically disordered proteins or proteins

with large intrinsically disordered regions may not be crys-

tallizable or accessible by high-resolution cryo-electron

microscopy (cryo-EM). Structural information on these types

of systems is sparse, although the potential impact from new

knowledge is high: approximately one quarter of the genome

in eukaryotes encodes membrane proteins (Fagerberg et al.,

2010), which are the target of an estimated 60% of all drugs

(Overington et al., 2006). Similarly, approximately one third of

the genome in eukaryotes codes for intrinsically disordered

proteins (Oldfield et al., 2005), which mediate important

regulatory interactions (Oldfield & Dunker, 2014). The term

‘integrative structural biology’ (Ward et al., 2013) was recently

coined to describe an approach in which a high-resolution

structural model is refined against information from several

complementary techniques, both computational and experi-

mental, with the aim of obtaining a more complete description

of the structure and dynamics of a system. For this purpose,

high-resolution techniques such as crystallography, nuclear
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magnetic resonance spectroscopy (NMR) and cryo-EM are

optimally combined with more easily accessible information

from more low-resolution techniques such as negative-stain

EM and small-angle scattering (SAS), as well as various

computational approaches for describing the relevant struc-

ture or ensemble of structures.

With no inherent size limitation, as is the case for NMR

spectroscopy and cryo-EM, SAS is a widely applied method

for obtaining low-resolution structural information on biolo-

gical systems in solution (Svergun & Koch, 2003). Small-angle

X-ray scattering (SAXS) has gained popularity in biology over

the past few decades, facilitated by excellent synchrotron

sources and the development of easily accessible software

(Schneidman-Duhovny et al., 2010; Förster et al., 2010; Grae-

wert & Svergun, 2013; Skou et al., 2014; Hopkins et al., 2017;

SasView, http://www.sasview.org/). As part of this develop-

ment, SEC–SAXS has been introduced and is now a standard

method to circumvent problems of aggregating samples

(Mathew et al., 2004; David & Pérez, 2009; Pernot et al., 2013;

Graewert et al., 2015; Jeffries et al., 2016; Ryan et al., 2018).

SEC–SAXS combines size-exclusion chromatography (SEC)

and SAXS in such a way that the SEC purification is coupled

directly to the capillary in the X-ray beam, such that sample

eluting from the column is illuminated immediately.

During this development, small-angle neutron scattering

(SANS) on biological systems has remained a more exclusive

technique, mainly owing to the more limited access to

neutrons. However, SANS is highly complementary to SAXS

due to the possibility for contrast variation through 1H/2H

substitution. This has facilitated structural studies of multi-

component complexes containing one or more components of

protein, lipid and nucleic acids, such as DNA–protein

complexes, membrane proteins in detergent micelles and

quarternary protein complexes (Whitten et al., 2007; Niemann

et al., 2008; Appolaire et al., 2014; Gabel, 2015; Zaccai et al.,

2016; Midtgaard et al., 2018). An additional advantage is that

radiation damage, which is often an issue in synchrotron

SAXS, is not a problem in SANS. Despite these advantages,

SANS is more challenging than SAXS. The required sample

concentration and volume are higher, the exposure times are

longer and, to obtain the best signal-to-noise ratio, samples are

usually measured in 100% D2O. Although chemically very

similar to H2O, this slightly different solvent often promotes

protein aggregation (Larsson, 1988; Gripon et al., 1997).

A membrane protein in solution is inherently a multi-

component system. To remain soluble, the membrane protein

must be stabilized by an amphiphilic entity such as a detergent

micelle or a lipid bilayer that shields the hydrophobic trans-

membrane region of the membrane protein. Detergents

provide the most simple reconstitution system in terms of

sample preparation, but the polydispersity of the resulting

micelle around the membrane protein and the existence of

excess micelles decrease the theoretical structural resolution

that is obtainable with this approach, although several methods

for clever sample preparation and data treatment have been

developed (Gabel et al., 2014; Oliver et al., 2017; Koutsioubas,

2017; Midtgaard et al., 2018).

Nanodiscs can be utilized to obtain more monodisperse

samples containing membrane proteins embedded in native-

like environments (Bayburt et al., 2002). A traditional

nanodisc consists of two membrane-scaffold proteins (MSPs)

encircling a disc-shaped patch of phospholipid bilayer that can

serve as a carrier for a membrane protein. Attempts at crys-

tallizing nanodiscs or membrane proteins in nanodiscs have so

far been unsuccessful, but nanodiscs have recently been used

to facilitate membrane-protein crystallization (Nikolaev et al.,

2017). The diameter of the nanodisc is directly correlated to

the length of the MSP (Denisov et al., 2004; Hagn et al., 2013),

and NMR and spin-labelling techniques have recently been

combined to describe the first high-resolution structure of an

8 nm nanodisc based on a short MSP (Bibow et al., 2017).

SAXS and SANS have previously been combined to study

bacteriorhodopsin inside a nanodisc (Kynde et al., 2014),

where a combined analysis, i.e. global fitting, of SAXS and

SANS data was desired because of the high complementarity

of the obtained information. The protein component of the

nanodisc had higher excess scattering-length density in the

X-ray contrast, whereas the lipid component had higher excess

scattering-length density in the SANS contrast in 100% D2O.

The simultaneous fitting of the model to the two contrasts

allowed a more detailed low-resolution structure of the system

to be refined and gave information about both the membrane

protein and the surrounding lipid membrane structure.

Because of the structural complexity of the nanodisc

system, the analysis of SAS data is not straightforward and

generally relies on data from structurally homogeneous/

monodisperse samples. However, sample preparation of such

homogeneous nanodisc samples is challenging, and until now,

it has been our experience that the success rate of obtaining

good SANS data from these systems is relatively low owing to

combined issues with membrane-protein reconstitution and

the above-mentioned increased aggregation in D2O-based

buffers. Despite the higher sample requirements than for

SAXS, the feasibility of performing online SEC–SANS with

relative short exposure times has recently been demonstrated

on a set of water-soluble proteins (Jordan et al., 2016). Overall,

the expected outcome for SEC–SANS (and SEC–SAXS) is

higher sample homogeneity, which leads to a scattering signal

that is not smeared because of structural dispersity. In turn,

structural models can be refined to better resolution.

In the present study, we aimed to test and benchmark the

new SEC–SANS setup in combination with complex self-

assembled systems: nanodiscs without membrane proteins

(empty nanodiscs) and membrane-protein-loaded nanodiscs

(loaded nanodiscs). Using SANS data from monodisperse

samples with good signal-to-noise ratios in an investigated

q-range up to q � 0.15 Å�1, we show that the SEC–SANS

method is applicable to and relevant for studying these types

of samples, which are usually difficult to produce in a suffi-

ciently pure and homogenous form in the required amounts

and concentrations. The SEC–SANS data are complemented

by SEC–SAXS data, and we model empty nanodiscs and the

membrane protein proteorhodopsin (PR) inside a nanodisc,

respectively, with global fits to the SANS and SAXS data sets.
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2. Sample preparation

2.1. Materials

All chemicals were obtained from Sigma–Aldrich. The salts

used in the SEC–SAS buffers were obtained in the anhydrous

forms. 99.9% D2O was obtained from Cambridge Isotope

Laboratories.

2.2. Protein expression and purification

The plasmids encoding the genes for MSPs were obtained

from Professor Steven Sligar (University of Illinois, USA), the

plasmid encoding PR was obtained from Professor Richard

Neutze (University of Gothenburg, Sweden) and the plasmid

encoding Thermotoga maritima CorA (TmCorA) was

obtained from Professor Mikaela Rapp (University of Stock-

holm, Sweden). MSPs were expressed and purified essentially

as described elsewhere (Ritchie et al., 2009), but under

denaturing conditions. TmCorA was expressed and purified

using a slightly modified protocol to that reported elsewhere

(Palombo et al., 2012), and PR was expressed and purified

essentially as described elsewhere (Gourdon et al., 2008). A

detailed description of the preparation of all proteins can be

found in the supporting information. The MSP used for loaded

nanodiscs had the N-terminal His6 tag cleaved off with

Tobacco etch virus (TEV) protease before the reconstitution

procedure described below. The N-terminal His6 tag was not

cleaved off from the MSPs used for empty nanodiscs.

2.3. Preparation of empty and loaded nanodiscs

Empty nanodisc samples were prepared off-site one week

in advance, although without the final SEC step. Briefly,

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC;

Avanti Polar Lipids) lipids were dissolved to a final concen-

tration of 50 mM in gel-filtration buffer (20 mM Tris–HCl pH

7.5, 100 mM NaCl) containing 100 mM sodium cholate. The

lipid mixture was mixed with MSP and diluted to 10 mM lipid

concentration with gel-filtration buffer and incubated briefly

at room temperature. Damp Amberlite XAD-2 detergent-

absorbing beads (Sigma–Aldrich) were added to approxi-

mately 15%(w/v) and the sample was incubated at 5�C for 4 h

under fast agitation. The detergent-absorbing beads were

removed and the sample was purified by SEC on a Superdex

200 10/300 GL column (GE). A 1 ml peak fraction was

collected, flash-frozen and stored at �80�C.

For loaded nanodiscs, the membrane protein of interest was

added to the reconstitution mixture, displacing some volume

of gel-filtration buffer, and allowed to equilibrate for 1 h

before the addition of detergent-absorbing beads. To avoid

excess membrane protein and reduce the amount of oligo-

meric membrane protein, PR was mixed with MSP1D1 in a

1:16 ratio with a POPC:MSP1D1 ratio of 70:1, whereas

TmCorA was mixed with MSP1E3D1 in a 1:20 ratio with a

POPC:MSP1E3D1 ratio of 130:1. Empty nanodiscs were

separated from the loaded nanodiscs on a 1 ml HisTrap

column (GE), utilizing the His6 tag on the membrane protein.

Empty nanodiscs flowing through the column were discarded,

and the bound loaded nanodiscs could be eluted from the

column with gel-filtration buffer containing 250 mM imida-

zole. The samples were diluted twofold in gel-filtration buffer

and concentrated to approximately 1 ml in a 10 kDa

molecular-weight cutoff (MWCO) spin filter. Each sample was

split into two for SANS and SAXS measurements, flash-frozen

and stored at �80�C. Samples were transported to the Institut

Laue–Langevin (ILL) or the ESRF on dry ice and were stored

at �80�C until use. Before measurement, the samples were

thawed and centrifuged for 10 min at 14 000g. The final

volumes and concentrations of the injected samples for SEC–

SANS and SEC–SAXS are shown in Table 1.

3. Methods and instrumentation

3.1. Dedicated SEC–SANS setup on D22

SANS data were recorded on the D22 small-angle scat-

tering diffractometer at the ILL, Grenoble, France. The online

SEC (Fig. 1) was performed using a modular HPLC system

(Serlabo), including two BlueShadow pumps (Knauer), an

active mixing valve, an automated sample loader (ALIAS), a

Foxy R1 fraction collector (Teledyne ISCO) and a SmartLine

2600 diode-array spectrophotometer (Knauer). The spectro-

photometer was connected via optic fibres either to an optic

cell (3 mm path length, used in measurements of empty

nanodiscs) placed at the outlet of the chromatography column

or directly to the middle of the SANS measurement cell,

perpendicularly to the neutron beam (10 mm path length,

used in measurements of loaded nanodiscs), enabling the

simultaneous recording of chromatograms at four different

wavelengths, in this case 220, 280, 535 and 600 nm.

The setup was equipped with a Superdex 200 10/300 GL

column (GE) with a void volume of approximately 7.5 ml. The

data were obtained during two separate beam times. Empty

nanodisc data were obtained in the first session and loaded

nanodisc samples in the second session. For the empty nano-

discs a flow rate of 0.3 ml min�1 was used, whereas loaded

nanodisc samples were pumped at 0.5 ml min�1 in most of the

column void volume; this was reduced to 0.2 ml min�1 during

sample elution. Furthermore, all components of the HPLC

setup, including the buffers and the column, were placed in a

closed cabinet connected to an air-cooling system set to 10�C

to control the temperature. For empty nanodiscs, the buffer

consisted of 20 mM Tris–DCl pH 7.5, 100 mM NaCl and for

PR-loaded nanodiscs the buffer consisted of 20 mM Tris–DCl

pH 7.5, 300 mM NaCl. For TmCorA-loaded nanodiscs,

100 mM MgCl2 was added to the latter buffer.
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Table 1
Sample volumes and associated absorptions measured at 280 nm (A280)
for the samples investigated in this study.

Volume (ml)

Sample A280 SANS SAXS

MSP1D1–POPC nanodiscs 1.30 200 200
MSP1D1–POPC–PR nanodiscs 3.34 250 160
MSP1E3D1–POPC–TmCorA nanodiscs 3.64 160 140



The experiments were carried out with a nominal neutron

wavelength (�) of 6.0 Å, a wavelength distribution (��/�) of

10% full-width at half-maximum, a rectangular collimation of

40 � 55 mm2 and a rectangular sample aperture of 7 �

10 mm2. Three sample-to-detector distances (11.2, 5.6 and

1.4 m, with collimation lengths of 11.2, 5.6 and 2.8 m, respec-

tively) were used for characterization of the empty nanodiscs,

covering a momentum-transfer range q of 0.0044 Å�1 to

0.61 Å�1; q = 4�sin(�)/�, where � is half of the angle between

the incoming and the scattered neutrons. For the measurement

of loaded nanodiscs, sample availability limited the number of

possible sample-to-detector distances to two: 11.2 and 2.0 m

(with collimation lengths of 11.2 and 2.8 m, respectively),

giving a q-range of 0.0044–0.46 Å�1. The measured intensities

were binned into 30 s frames.

Sample transmission was approximated by the buffer

measured at a sample-to-detector distance of 11.2 m. The

measured intensity, I(q), was brought to an absolute scale in

units of scattering cross-section per unit volume (cm�1) using

the direct beam flux measured for each collimation length

prior to the experiment. In this way, problems with mismatch

between intensities measured at different detector settings

were avoided. Data reduction was performed using the

GRASP software (Dewhurst, 2017).

3.2. SEC–SAXS data acquisition

SEC–SAXS was performed using the BioSAXS instrument

on BM29 at the ESRF, Grenoble, France (Pernot et al., 2013).

This setup includes an HPLC controlled separately from the

SAXS measurement, coupled to a UV–Vis array spectro-

photometer measuring absorption from 190 to 800 nm. Data

were collected with an X-ray wavelength of 0.9919 Å at

momentum transfers q ranging from 0.003 to 0.49 Å�1. The

capillary was cooled to 10�C, but with the HPLC including the

SEC column placed at ambient temperature. Experiments

were run on the same column and in H2O-based solvents

containing the same components as in SEC–SANS at flow

rates of 0.5 ml min�1 for empty nanodiscs and 0.4 ml min�1 for

loaded nanodisc. Data reduction was carried out using the in-

house software at the beamline, and subsequent conversion to

absolute units was performed with water as a calibration

standard. The 1 s frames recorded were averaged in 10 s bins;

this is the typical measurement time for static SAXS samples

on BM29.

3.3. SEC–SAS data processing

3.3.1. Selection of sample frames. Scattergrams, i.e. scat-

tering intensity as a function of elution volume, were obtained

by normalizing the total intensities of the individual frames.

Chromatograms of absorption at 280 nm were normalized,

and for the setups with the UV cell located before the sample

cell, the chromatograms were shifted to align with the scat-

tergrams. Where measured, absorptions at wavelengths other

than 280 nm were normalized to the absorption at 280 nm.

The radius of gyration (Rg) of background-subtracted data

was calculated for individual frames with AutoRg (Petoukhov

et al., 2007). The interval used for extracting the optimal

scattering data was chosen to have a converged Rg within error

bars in a window covering approximately the right-side half of

the desired SEC peak, corresponding to a typical fraction

collected for other types of experiments to avoid the overlap

of larger particles. The selected frames were averaged to

produce a single scattering curve. For SAXS, the averaged

data were logarithmically rebinned.

Pair distance [p(r)] distributions were calculated by inverse

Fourier transformations (IFTs; Glatter, 1977) using the

BayesApp software available online (Hansen, 2014). For

empty nanodiscs, p(r) distributions were calculated for the
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Figure 1
(a) Photograph of the setup implemented at D22. (b) Schematic
describing the SEC–SANS setup, with the different components placed
identically to those in the photograph in (a). The scheme highlights the
two possible options for UV–visible light absorbance measurement:
either through a specific cell (optic fibres drawn as continuous purple
lines) or directly across the SANS measurement cell (optic fibres drawn
as purple dotted lines). The green lines represent the solution flow.



individual frames of the selected interval, whereas they were

only calculated for averaged data for loaded nanodiscs. The

maximum pair distances (Dmax) and Rg values presented in

Figs. 2(g), 3(e) and 4(e) were obtained from this IFT analysis.

Sample concentrations were estimated from the online

absorption measurements at 280 nm divided by sample-

specific molar extinction coefficients calculated using Prot-

Param on the ExPASy server (Gasteiger et al., 2005). For the

empty nanodiscs, however, better estimates of the concen-

tration were obtained from the values of the fractional area of

the normalized absorption measured at 280 nm, the volume

measured and the total injected amount of sample. This esti-

mate was only possible for the empty nanodiscs, which were

already monodisperse before applying them to the column,

and thus not for the loaded nanodiscs.

3.3.2. Modelling of empty nanodiscs. The recorded data

were analyzed by refining the analytical model for the nano-

disc presented in the literature (Skar-Gislinge et al., 2010,

2011) using the data (Fig. 5a). The model was simultaneously

refined using the SAXS and SANS data by minimizing the

combined �2 of both data sets. The source code for the models

and descriptions thereof, as well as the optimization routines,

can be found in the literature (Pedersen et al., 2013).

In this model, the nanodisc is described by a combination of

analytical form factors (Pedersen, 1997), each of which are

endowed with the scattering properties of the molecules they

are meant to represent. Mathematically, the model has the

form

IðqÞ ¼ nPðqÞ; ð1Þ

where P(q) is the form-factor intensity for a single nanodisc

and n is the number density. P(q) describes the scattering

properties of an orientationally averaged (over the two angles

� and �) nanodisc described by the complex form-factor

amplitude F(q),

PðqÞ ¼
R�

0

sin � d�
R2�

0

FðqÞF�ðqÞ d�; ð2Þ

where the vector q can be expressed in spherical coordinates

(q, �, �), with q being the norm. The asterisk denotes complex

conjungation.

The form-factor amplitude of the (oriented) nanodisc is

described by a sum of contributions accounting for the

different components in the nanodisc,

FðqÞ ¼ ��protein beltVprotein beltAðqÞprotein belt

þ ��histidine tagVhistidine tagAðqÞhistidine tag

þ ��lipid headgroupsVlipid headgroupsAðqÞlipid headgroups

þ ��lipid alkyl groupsVlipid alkyl groupsAðqÞlipid alkyl groups

þ ��lipid methyl groupsVlipid methyl groupsAðqÞlipid methyl groups;

ð3Þ

where the �� terms are the excess scattering-length densities

of the given component, the V terms are the (partial specific)

volumes of the components and lastly the A(q) terms are the

(normalized) form factors describing the shape of the given

component. As an example, the form factor for the lipid

methyl groups, A(q)lipid methyl groups, is that of a flat cylinder

with elliptical cross-section (see, for example, Pedersen, 1997).

The parameters in the model describe these shapes, their

volumes and their scattering properties. The dimensions of the

aforementioned cylinder depends on the area per lipid head-

group, the number of lipids in the disc, the volume of a POPC

molecule and the axis ratio of the disc, while the relevant

excess scattering-length density, ��, may be calculated from

the chemical composition and molecular volume of the

constituents (see, for example, Skar-Gislinge et al., 2010). In

this way, by systematically using molecular constraints, the

number of fit parameters to describe the model could be kept

at a minimum (see Fig. 4e and Section 4).

In the refinement process, the height of the MSP belt

was fixed to 25.78 Å to match the recently published high-

resolution structure of a nanodisc (Bibow et al., 2017). Simi-

larly, the Rg of the protruding His6 tags was fixed to 12.70 Å in

line with previous studies of disordered proteins (Kohn et al.,

2004). It was assumed that 50% of the exchangeable H atoms

in the MSP1D1 proteins had exchanged with the solvent

(100% D2O) in the SANS experiments, in line with the

literature (Morgan et al., 2011). The effects of instrumental

smearing was accounted for in the fits in accordance with the

approaches outlined in the literature (Pedersen et al., 1990).

The minimization was performed using the Levenberg–

Marquardt (Levenberg, 1944; Marquardt, 1963) algorithm in

WillItFit (Pedersen et al., 2013), which was also used to

compute the estimated refinement errors.

3.3.3. Modelling of PR-loaded nanodiscs. A model analo-

gous to the model of bacteriorhodopsin in a nanodisc

presented in the literature (Kynde et al., 2014) was refined

from the data obtained from monomeric PR-loaded nanodiscs

(Fig. 5b). Apart from the analytical description of the nanodisc

described above, the model was based on the published

solution NMR structure of PR (Reckel et al., 2011; PDB entry

2l6x) in the Protein Data Bank (Berman et al., 2000), acquired

from the Orientations of Proteins in Membranes (OPM)

database (Lomize et al., 2006). For reference, the OPM data-

base lists the hydrophobic height of the protein as 27.8 �

1.3 Å.

H atoms were added to the structure using the built-in

algorithms in the PHENIX software suite (Adams et al., 2010)

and solvent exchange was accounted for using the same tool.

Based on some of the few available data (Hebling et al., 2010;

Mehmood et al., 2012), it was assumed that no solvent

exchange had occurred in the transmembrane part of the

protein, whereas it was assumed that 100% of the exchange-

able H atoms in the flexible intracellular and extracellular

loops of the protein had exchanged. In the calculations of

scattering intensities, the PR structure was coarse-grained to

amino-acid residue level for computational efficiency. As

explained in the previous section, the height of the MSP belt

was fixed during the refinement process.

The model of PR in a nanodisc is similar to that presented in

(1)–(3). We simply add another contribution from the PR to

(3) as described previously (Kynde et al., 2014).
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4. Results

4.1. Empty nanodiscs: feasibility of the SEC–SANS setup

To test and benchmark the new dedicated SEC–SANS

setup at D22 (Fig. 1), empty nanodiscs were first measured.

For all three detector settings, the scattergrams in terms of the

normalized total scattering intensity are plotted as a function

of retention volume along with the normalized chromatogram

measured at 280 nm and the calculated Rg values (Fig. 2a). The

three scattergrams and the chromatogram all feature a well

defined single peak, indicating a monodisperse sample, as well

as a flat region corresponding to the buffer, which was used for

background subtraction. Fig. 2(b) shows a complementary

SEC–SAXS data set measured on the same sample as used for

the SEC–SANS data, although in an H2O-based buffer. The

SAXS data in Supplementary Fig. S1 show that the structure

of the empty nanodisc is preserved after exchange from H2O

to D2O.

The normalized and scaled scattering data of the individual

frames for SANS and SAXS, respectively, are shown in

Fig. 2(d), with the top data set corresponding to the first frame

of the selected interval and the rest in the order of elution. As

they were very noisy at q > 0.1 Å�1, the data were plotted

without error bars to make the individual data sets easily

separable for the eye. All scattering data exhibit a well defined

Guinier region (a flat low-q region on a double-logarithmic

scale) down to the minimum q value, indicating no aggregation

or presence of larger particles. Guinier plots for the averaged

SANS and SAXS data (Fig. 5a), respectively, are shown in

Supplementary Figs. S2(a) and S2(b) and confirm this obser-

vation.

p(r) distributions for the individual frames are shown in

Fig. 2( f). Overall, the p(r) distributions for the different

frames are rather similar and terminate at approximately the

same Dmax in SANS and SAXS, respectively. This shows that

the samples are rather monodisperse within the resolution of

the SEC and that the SANS and SAXS samples indeed have

the same underlying structure, forming an optimal basis for a

subsequent simultaneous analysis. The values for the

concentrations calculated from the absorption at 280 nm, as

well as the Dmax and Rg values derived from the p(r) distri-

butions, are summarized in Fig. 2(g).

A more careful inspection of the data reveals that while the

individual SANS data sets appear to be highly similar, the

SAXS data sets have a small but clear systematic variation as a

function of retention volume (Fig. 2d). Inspection of the p(r)

distributions (Fig. 2f) and the characteristic sizes (Fig. 2g)

confirms this apparent change in both SANS and SAXS as

seen by the Rg decreasing systematically from 31.2 to 27.8 Å

for the SANS data and from 45.4 to 40.1 Å for the SAXS data.

Hence, the SEC–SANS and SEC–SAXS analyses provide

additional information by revealing a small but significant

structural dispersion for the empty nanodiscs. Despite these

small variations of the particle shape over the SEC peaks,

averaged data sets were used for modelling as described in

Section 4.4 in order to improve the statistics.

4.2. PR-loaded nanodiscs: separation of different species

Next, PR-loaded nanodiscs were measured by SEC–SAS.

As for the empty nanodiscs, scattergrams and chromatograms

(280 and 535 nm) were plotted for both SEC–SANS and SEC–

SAXS, yielding two dominating but overlapping peaks eluting

after the column void volume and with approximately 3 ml

separation between their peaks (Fig. 3b). PR has a light red

color owing to the absorption of green light, and the

chromatogram measured at 535 nm confirmed the presence of

PR in both peaks. Clearly, the two peaks observed in the

scattergrams and chromatograms were not separated suffi-

ciently to extract a monodisperse sample from the relatively

broad first peak (peak 1). The selected frames were picked

from the middle of the peak and processed to obtain an idea of
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Figure 2
(a, b) SEC–SAS data for the empty nanodiscs, including scattergrams and the chromatograms measured at 280 nm as well as calculated Rg values. The
colored areas indicate the intervals from which individual frames were taken.
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Figure 2 (continued)
(c, d) Reduced and background-subtracted SAS data for the individual frames taken from the indicated intervals in (a) and (b) shown without the
associated error bars. The topmost data sets are presented on an absolute scale, whereas the others have been rescaled by a factor of 100 (SANS data)
and a factor of five (SAXS data) relative to the data set above. (e, f ) p(r) distributions refined from each of the data sets in (c) and (d), respectively. The
averaged data are shown in Fig. 5(a). (g) Parameters from BayesApp refined from the IFT of the data.



the overall size of the particles that were present, but without

further interpretation. To minimize interference from the

larger particles present in peak 1, the frames from the

second peak (peak 2) were chosen from the right side of this

peak.

The obtained averaged data sets for both peaks are plotted

along with the fits of the IFT analysis in Fig. 3(d), with the

derived p(r) distributions shown in the insets. The parameters

refined from the IFT analysis are summarized in Fig. 3(e).

Owing to the low sample concentration, the SANS data are
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Figure 3
(a, b) SEC–SAS data from the experiment on PR-loaded nanodiscs as presented for empty nanodiscs in Figs. 2(a) and 2(b). (c, d) Averaged data for the
frames recorded across the highlighted peaks in (a) and (b), respectively. Insets: p(r) distributions refined from the data. The data sets collected from
peak 2 were further analyzed as explained in the text and shown in Fig. 5(b). (e) Parameters from BayesApp refined from the IFT of the data.



slightly noisy in both the low-q and high-q regions, but

nevertheless feature well determined Guinier regions along

with significant structural differences between the SANS data

obtained from the two peak populations (Fig. 3c and Guinier

plots in Fig. 2b). The SAXS data also feature well defined

Guinier regions for both samples as well as oscillating features

at around q ’ 0.1 Å�1 (Fig. 3d). For the sample in peak 2, the

Dmax and Rg values are only slightly larger than for the empty

nanodisc (Fig. 2g), whereas for the sample in peak 1 they are

much larger. These sizes indicate that the sample from peak 2

is a nanodisc, whereas the sample from peak 1 is likely to be a

polydisperse and larger aggregate structure. Further model-

ling and data interpretation was only carried out for the

sample in peak 2, as described in Section 4.4.

4.3. TmCorA-loaded nanodiscs: removal of aggregates

Finally, to test the SEC–SANS method on a larger

membrane protein with large intracellular domains, TmCorA-
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Figure 4
(a, b) SEC–SAS data from the experiments on TmCorA-loaded nanodiscs are shown in the same manner as in Figs. 2 and 3. (c, d) Averaged scattering
data. Insets: p(r) distributions refined from the averaged data. (e) Parameters from BayesApp refined from the IFT of the data.



loaded nanodiscs were measured. Scattergrams and chroma-

tograms are plotted for both SEC–SANS and SEC–SAXS

together with the calculated Rg values as shown in Fig. 4(b),

yielding a dominating peak at 11.5 ml with a trailing signal into

a peak in the void volume of the column.

Averaged data sets calculated from the frames in the

selected interval are plotted together with the fit of the IFT

analysis in Fig. 4(d) along the refined p(r) distributions shown

in the insets. The SANS data have reasonable statistics in the

low-q region and display a well defined Guinier region

(Guinier plots are shown in Supplementary Figs. S2a and S2b).

Furthermore, a small distinct feature is observed at q �

0.08 Å�1. The SAXS data are also of good quality, with a well

defined Guinier region and several features in the q-region

above 0.04 Å�1.

TmCorA has been proposed to undergo large conforma-

tional changes upon the binding of magnesium ions (Matthies

et al., 2016), making it an ideal system to probe with SANS and

SAXS. In this work, we stay with the observation that the

samples are suited for SEC–SAS and leave out further

modelling. This will form part of future work focusing on

TmCorA alone.

4.4. Modelling: joint refinement from SEC–SANS and
SEC–SAXS data

The nanodisc model was refined from the averaged data of

the empty nanodisc (Fig. 5a). The refined model is sketched as

an inset in Fig. 5(a) and the refined parameters are shown in

Table 2. The model resulted in a combined �2 of 8.76 and

the presented confidence intervals are based on this value

(Pedersen et al., 2014). Apart from the listed parameters, a

constant background (close to zero) and a term accounting for

interface roughness (Als-Nielsen & McMorrow, 2011; typically
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Figure 5
(a) Averaged data from empty nanodiscs (Fig. 2d) along with the fits of the nanodisc model shown in the inset. The SAXS data have been logarithmically
rebinned. The His6 tags on the MSP1D1 proteins, modelled as random coils attached to the protein belt, are not shown in the rendering. (b) Data from
PR-loaded nanodiscs (Fig. 3d) with the fits of a model of PR embedded in a nanodisc as shown in the inset. (c) The refined model of PR in the nanodisc
shown from different perspectives.



up to 7 Å) were refined for each of the data sets, giving a total

of four fit parameters in addition to those listed in Table 2.

The PR nanodisc model was refined from the data for the

PR-loaded nanodisc eluting in peak 2 (Fig. 3b). The data with

the associated fits, together with a rendering of the refined

model, are presented in Fig. 5(c), and the associated para-

meters are shown in Table 2. The combined �2 of the

presented model is 1.56 and, as before, the presented para-

meter confidences are based on this value. As for the empty

nanodisc, the models include four fit parameters that are not

listed in Table 2.

By requiring our models to reproduce the trends of the

SANS as well as the SAXS data, we constrain the number of

feasible models in our search by effectively enabling the

rejection of models with greater confidence owing to the

increased amount of data. This effect is amplified by the

different contrasts in SAXS and SANS data, models refined

from each of which predict some parameters better than

others. By combining sets of data, we harvest the predictive

power of both.

As outlined in the literature (Pedersen et al., 2014), the

effect of refining models simultaneously from several sets of

data is improved confidence intervals of the refined para-

meters. As an example, in our case, owing to the different

contrasts of the constituents of the nanodisc, adding SANS

data to the refinement improves our confidence on the number

of lipids in the nanodisc in particular: refining the nanodisc

model from only the presented SAXS data results in an esti-

mate of 106 � 8.0 lipids per nanodisc, whereas refining

including the SANS data in the model refinement yields an

estimate of 117 � 3.1 for the same parameter.

5. Discussion

5.1. Benchmarking the SEC–SANS setup on empty nanodiscs

The nanodisc is a popular platform for reconstituting

membrane proteins in a native-like environment and studying

their structure and function (Denisov & Sligar, 2016).

However, samples of membrane proteins inside nanodiscs are

demanding to produce in large amounts, and monodisperse

samples are difficult to achieve, especially in D2O-based

solvents, because of issues of increased aggregation. This

makes them difficult to study by SANS. Using a newly

developed SEC–SANS setup on D22 at the ILL (Jordan et al.,

2016), we obtained SANS data with a sufficiently high signal-

to-noise ratio from monodisperse samples of nanodiscs, both

empty (Fig. 2a) and loaded with the membrane proteins PR

(Fig. 3) and TmCorA (Fig. 4), respectively, in 100% D2O. This

shows that the method is practically applicable to such

complex biological systems.

Compared with static SANS, sample handling is easier in

SEC–SANS as the final purification step is carried out online.

The success rate of the SEC–SANS experiments presented

here, in terms of the proportion of good data sets, was

markedly higher than for standard solution SANS experi-

ments performed previously by our group. The method has the

additional advantage that both buffer and sample are passed

through the same flow cell, making background subtraction

more accurate than in standard cuvette-based static SANS

experiments. Non-optimal background subtraction from

SANS data might result in incorrect values for calculated sizes

(Rubinson et al., 2008).

SEC–SAS is especially advantageous for the study of

aggregation-prone systems or systems in an equilibrium

between structural or oligomeric states, whereas highly stable

and monodisperse systems would preferably be measured with

longer static measurements to obtain better counting statistics.

The nanodisc is usually described as a very stable and

monodisperse system, but its scattering pattern varied slightly

but significantly as a function of retention volume as observed

by SEC–SAS (Figs. 2c and 2d). This variation is ascribed to a

small structural dispersity of the nanodiscs, with a variation in

the lipid aggregation number as a function of retention

volume, in line with other results from our group (Skar-

Gislinge et al., 2018) and consistent with recently reported

findings for MSP1E3D1 nanodiscs (Graziano et al., 2018). This

structural effect would not have been visible without SEC–

SAS.

The empty nanodiscs were found to have a slightly smaller

Dmax in SANS compared with SAXS (Fig. 2e), which is in

agreement with previous studies (Kynde et al., 2014; Skar-

Gislinge et al., 2010) and is most likely to be a result of the

nanodiscs having a higher peripheral excess scattering-length

density in the SAXS contrast than in the SANS contrast.

Interestingly, however, the Dmax values determined in this

study from both SAXS and SANS are approximately 10–20 Å

smaller than those reported in these studies. For a static SAXS

or SANS measurement the nanodiscs are SEC-purified in

advance, which may allow sufficient time for a monodisperse

population of nanodiscs to equilibrate to a broader distribu-

tion of nanodiscs with different lipid:MSP ratios or even for

the sample to start forming small populations of slightly larger

particles. Our data indicate that in the SEC–SAS setups such

issues are under better control as the measured samples of the

individual frames are more monodisperse.
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Table 2
Parameters describing the model refined from the data shown in Fig. 5.

We note that the empty nanodisc sample has not had the His6 tag cleaved off
and that the refined volume of MSP1D1 reflects this. Also note that the model
for a membrane protein in a nanodisc is parametrized differently to the model
presented in the previous section.

Parameter
Empty
nanodiscs

PR-loaded
nanodiscs

Axis ratio of bilayer patch 1.37 � 0.11 1.59 � 0.51
Average area per lipid headgroup (Å2) 57.1 � 2.1 60.0†
Hydrophobic height of bilayer (Å) 33.0† 33.8 � 4.0
No. of lipids per nanodisc 117 � 3.1 141 � 11
In-plane displacement of PR from center (Å) — 18.8 � 9.6
Volume of MSP1D1 (Å3) 28200 � 420 19500 � 6300
Volume of POPC (Å3) 1270 � 7.4 1315 � 86
Thickness of protein belt (Å) 8.40† 5.59†
Minor radius of bilayer patch (Å) 33.0† 31.1†
Major radius of bilayer patch (Å) 44.3† 49.4†

† Parameters derived from the refined parameters.



5.2. Feasibility for demanding complex biological samples

The SEC–SAS experiments were carried out with sample

volumes in the range of a few hundred microlitres and

concentrations of the reconstituted membrane protein of a

few mg ml�1 (Table 1), and yielded surprisingly good-quality

SANS and SAXS data in terms of signal-to-noise ratio.

Firstly, PR-loaded nanodiscs were measured. A typical

purification of PR yields several species, including monomers,

trimers and hexamers (Gourdon et al., 2008; Stone et al., 2013),

and two major species were indeed observed in the PR-loaded

nanodisc samples (Fig. 3): a polydisperse population with

charateristic sizes that were too large for a monomeric species

and a population with the expected sizes for a monomeric

PR-loaded nanodisc. The Dmax values for the monomeric

PR-loaded nanodisc sample from SANS and SAXS (Fig. 3e),

respectively, were close to those refined for the empty nano-

disc (Fig. 2g), which is expected given that PR has almost all of

its structure embedded in the lipid bilayer of the nanodisc.

Despite the low concentration of the sample in the frames

extracted from peak 2, the resulting data were of sufficient

quality and allowed refinement of the model of PR embedded

in a nanodisc (Fig. 5c). The Dmax was approximately 10 Å

smaller than that reported for the similar membrane protein

bacteriorhodopsin in MSP1D1-based nanodiscs as measured

by standard static SANS and SAXS (Kynde et al., 2014). This

could indicate that a more monodisperse sample, and hence

data of better quality, could be obtained using the combined

SEC–SANS and SEC–SAXS setup.

The concentration of the TmCorA-loaded nanodisc sample

was lower than that of the PR-loaded nanodisc, but the larger

size of the system led to an increased scattering intensity and

the obtained SANS and SAXS data (Fig. 4d) had a slightly

better signal-to-noise ratio than the data from the PR-loaded

nanodisc sample (Fig. 4). Our results might serve as a guide-

line for the required amount of sample for similar types of

membrane proteins in nanodiscs, including the highly inter-

esting class of G-protein-coupled receptors, which possess a

similar overall structure in the membrane to that of PR.

5.3. Discussion of model fit results

A good model fit was obtained to the data from the empty

nanodiscs (Fig. 5a). However, the model did not quite manage

to reproduce the trend of the SAXS data around the minimum

at q � 0.08 Å�1, a property that is shared by several published

fits on similar structures (Midtgaard et al., 2015). This small

deviation is most likely to be the result of the underlying

structural dynamics and small structural dispersity of the

nanodiscs (Fig. 2), as the model, for simplicity, assumes a static

monodisperse structure. Still, the refined model of the empty

nanodisc is in line with our expectations in terms of the refined

values for the various parameters of the model. In particular,

the partial specific molecular volume is refined to a value of

28200 Å3, corresponding to a specific mass density of

1.46 g ml�1, which is in good agreement with the reported

value of 1.35 g ml�1 for proteins (Mylonas & Svergun, 2007).

It is noteworthy, though, that the refined value of the average

area per POPC headgroup was found to be 57.1 Å2. This is

somewhat lower than the value of 60 Å2 reported for POPC in

large bilayer vesicles (Kučerka et al., 2011) and is also lower

than the value of 66 Å2 determined for MSP1D1–POPC

nanodiscs in a previous study (Skar-Gislinge et al., 2010).

The fit of the data acquired from the PR-loaded nanodiscs

managed to reproduce the trends of the data consistently

(Fig. 5b). The POPC area per headgroup was derived as 60 Å2

from the refined model, which is in agreement with the value

reported for POPC in unperturbed bilayers (Kučerka et al.,

2011). However, the value for the specific mass density of

MSP1D1 refined from the data on PR-loaded nanodiscs is

1.88 g ml�1 and thus differs considerably from the expected

value. Similarly, the refined value for the number of lipids in

the nanodisc is slightly higher than anticipated. As a conse-

quence, the MSP belt surrounding the loaded nanodisc adopts

somewhat unphysical dimensions in the model. However, the

molecular volume of MSP1D1 is not well determined, as seen

by the large error bars on the value of this parameter. This is

of some concern given the good quality of the SAS data. We

suspect that it could be the result of a weakly determined

concentration in the SEC–SAXS experiment, which is an issue

that has been addressed elsewhere (Graewert et al., 2015;

Ryan et al., 2018). An accurate estimate of sample concen-

tration is paramount for fitting a complex many-parameter

model.

For both the empty nanodiscs and the PR-loaded nanodiscs,

the obtained SEC–SANS data showed no indications of

aggregates at low q as judged by the flat Guinier regions.

Furthermore, the data had a good signal-to-noise ratio up to

q � 0.15 Å�1 (Figs. 5a and 5b). As seen from the figure, the

obtained SEC–SAXS data for empty nanodiscs had a very

good signal-to-noise ratio up to the maximum q value, whereas

data from PR-loaded nanodiscs had significant error bars from

q � 0.25 Å�1 owing to the lower sample concentration. In the

present analysis we found that good (aggregate-free) SANS

data up to q � 0.1 Å�1 were sufficient to have a major impact

on the model fit when they were combined with high-quality

SAXS data, in particular regarding the parameters describing

the lipid component. All in all, the complementary informa-

tion obtained in the different contrast situations in SANS and

SAXS is essential when refining complex models.

6. Conclusions and future perspectives

SEC–SANS was demonstrated to be feasible for studying the

structures of empty nanodiscs as well as of membrane-protein-

loaded nanodiscs. Data of surprisingly good quality and

without signs of aggregation were obtained for all presented

samples. The quality of the combined SEC–SANS and SEC–

SAXS data obtained was sufficient to refine structural models

of empty and PR-loaded nanodiscs.

Complex biological samples are demanding to produce in

sufficient amounts and homogeneity for structural measure-

ments, including SAXS and especially SANS. The high flux

and a state-of-the-art detector at D22 at the ILL lowers the

limit for the required amount of sample, and the new SEC–
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SANS setup has made it possible to study truly monodisperse

samples. In the presented sets of experiments, the flow rates

were limited to 0.3 and 0.2 ml min�1, respectively. With the

continued development of the setup, stable flow rates down to

0.01 ml min�1 are now available, which allow better tuning of

exposure times, limited at one extent by the amount of sample

and at the other by the stability of the sample, i.e. the resis-

tance to aggregation over time. This opens the possibility of

obtaining better statistics than for the data presented here,

and/or of the loading of less material onto the column.

For the present article, the SEC–SANS experiments had to

be repeated two or three times with different sample-to-

detector distances to cover the desired q-range. The D22++

project within the Endurance phase II upgrade (proposal for

funding submitted) includes a fixed detector placed at a short

sample-to-detector distance, making it possible to cover a

large q-range in a single SEC run. This upgrade will thus

reduce both the time and the amount of sample needed for the

experiment. Furthermore, a setup is being implemented with

the possibility of running two SEC columns in parallel,

enabling the overlap of sample elution from one column with

the void volume from the other column, in turn making it

possible to continuously measure relevant sample frames

instead of wasting time and neutrons on excess buffer frames.

Furthermore, this setup also has potential for automating

measurements of contrast-variation series by programming

the mixing of H2O-based and D2O-based buffers.

The anticipated high neutron flux at the upcoming

European Spallation Source has potential for much improved

SANS instrumentation and for either faster measurements

and/or smaller sample volumes than at present sources. This,

in combination with the general interest in complex biological

structures, drives an increase in the level of ambition with

respect to how complex biological samples may be investi-

gated using SANS. As a consequence, dedicated BioSANS

instruments or BioSANS instrument activities have become

increasingly consolidated in several places in the world during

the last decade. The high flux at D22 combined with online

SEC is the optimal setup at present for studying complex and

potentially unstable biological systems using SANS. Thus, for

future studies of extremely precious samples, such as match-

out deuterated nanodiscs (Maric et al., 2014), this setup will be

preferred.
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Härtlein, M., Franzetti, B. & Gabel, F. (2014). Acta Cryst. D70,
2983–2993.

Bayburt, T. H., Grinkova, Y. V. & Sligar, S. G. (2002). Nano Lett. 2,
853–856.

Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N.,
Weissig, H., Shindyalov, I. N. & Bourne, P. E. (2000). Nucleic Acids
Res. 28, 235–242.

Bibow, S., Polyhach, Y., Eichmann, C., Chi, C. N., Kowal, J., Albiez, S.,
McLeod, R. A., Stahlberg, H., Jeschke, G., Güntert, P. & Riek, R.
(2017). Nature Struct. Mol. Biol. 24, 187–193.
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