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A B S T R A C T   

Background: Small angle scattering techniques are beginning to be more widely utilised for structural analysis of 
biological systems. However, applying these techniques to study membrane proteins still remains problematic, 
due to sample preparation requirements and analysis of the resulting data. The development of styrene-maleic 
acid co-polymers (SMA) to extract membrane proteins into nanodiscs for further study provides a suitable 
environment for structural analysis. 
Methods: We use small angle neutron scattering (SANS) with three different contrasts to determine structural 
information for two different polymer nanodisc-incorporated proteins, Outer membrane protein F (OmpF) and 
gramicidin. Ab initio modelling was applied to generate protein/lipid structures from the SANS data. Other 
complementary structural methodologies, such as DLS, CD and TEM were compared alongside this data with 
known protein crystal structures. 
Results: A single-phase model was constructed for gramicidin-containing nanodiscs, which showed dimer for
mation in the centre of the nanodisc. For OmpF-nanodiscs we were able to construct a multi-phase model, 
providing structural information on the protein/lipid and polymer components of the sample. 
Conclusions: Polymer-nanodiscs can provide a suitable platform to investigate certain membrane proteins using 
SANS, alongside other structural methodologies. However, differences between the published crystal structure 
and OmpF-nanodiscs were observed, suggesting the nanodisc structure could be altering the folding of the 
protein. 
General significance: Small angle scattering techniques can provide structural information on the protein and 
polymer nanodisc without requiring crystallisation of the protein. Additional complementary techniques, such as 
ab initio modelling, can generate alternative models both the protein and nanodisc system.   

1. Introduction 

The difficulties in the extraction and study of membrane proteins 
have been widely documented [1–3]. Their roles within living organ
isms are extensive and include cell-to-cell communication, recognition, 
and movement. Additionally, membrane proteins control which mole
cules may enter or leave through membranes; allowing molecules 

needed for energy, cell growth and repair to enter whilst expelling 
harmful substances. Membrane proteins account for around 20-30 % of 
the proteome within many organisms [4,5,6]. However, unlike their 
soluble protein counterparts, structural and functional knowledge of 
membrane proteins is severely lacking. Due to their location within a 
lipid membrane, making them amphipathic in nature, these proteins are 
often sensitive to environmental changes and are liable to misfolding 
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when removed from their natural lipid bilayer environment. Both 
structural and functional studies frequently require purified membrane 
protein samples. The most widely used method of extracting membrane 
proteins for purification is through the use of detergents. These form 
micelles, or in uncommon cases, bicelles, which can be used to extract 
membrane proteins from their lipid bilayer environment to be studied. 
This process typically removes annular lipids surrounding the mem
brane protein, which opens up the possibility of protein degradation and 
mis-folding, as these environments are unstable compared to their 
native bilayer. These difficulties have caused a bottleneck in membrane 
protein study, with less than 1% of all three-dimensional protein 
structures in the Protein Data Bank (PDB) accounting for integral 
membrane proteins [7–9], highlighting the void of information in this 
regard. 

Other methods for protein extraction have also been developed, such 
as amphipols or creating nanodiscs using membrane-scaffold proteins 
(MSPs), a genetically engineered protein based on the human protein 
apolipoprotein A-1 [10]. However, these methods can be expensive and 
often involve time-consuming optimisation or design. Additionally, 
MSPs require detergents for the initial extraction of the membrane 
protein, before incorporation into the more stable nanodisc environ
ment, thus retaining the chance for protein mis-folding caused by 
detergent extraction. A recent development within this field is the use of 
styrene-maleic acid co-polymers (SMA) [11] and other copolymers, such 
as diisobutylene maleic acid (DIBMA) [12], which can extract nanodiscs 
directly from the membrane, without the prior use of detergents [11, 
13], making a more stable, detergent-free environment for membrane 
proteins to be studied. It is hoped that the bilayer nanodisc can create a 
“native-like” environment to study these elusive proteins more 
thoroughly. 

Once extracted, there are a wide variety of methods available to 
study structural interactions, or dynamic information for proteins and 
bio-macromolecules. Some of the more common techniques include 
cryo-electron microscopy (cryo-EM), and nuclear magnetic resonance 
spectroscopy (NMR), which recently have improved resolution and 
continue to develop and build more powerful instruments [14,15]. 
However, X-ray crystallography is still the most widely-used method for 
obtaining three-dimensional structural information for proteins at an 
atomic level [16]. The study of protein structure and function has uti
lised a wide variety of analytical methods, and techniques such as small 
angle scattering (SAS) can provide an another, complementary avenue 
to investigate complex biomolecule systems [14,17–19]. Unlike cryo-EM 
or X-ray crystallography, which require frozen samples or 
well-diffracting crystals respectively, SAS experiments are usually con
ducted on aqueous solutions [14,20]. 

Small angle scattering (SAS) is a useful tool for determining struc
tural information in several different areas. Small angle neutron scat
tering (SANS) is useful for gathering structural data, and in many ways is 
complementary to other structural analysis techniques, such as dynamic 
light scattering (DLS), circular dichroism (CD) and small angle X-ray 
scattering (SAXS). One of the principal advantages of SANS is the ability 
to utilise selectively deuterated components in combination with hy
drogenated materials to “mask out” parts of a system, by using contrast 
variation/matching. For protein scattering this is usually achieved by 
adjusting the D2O/H2O ratio within the buffer solution due to the dif
ficulties inherent in deuterating the native lipids or the protein itself. 
Such methods are especially useful when characterising multi- 
component systems, such as polymer-nanodiscs, which have polymer, 
lipid, solvent, and protein elements within a sample. Nanodisc samples 
are well suited for neutron scattering experiments, as they are stable 
under long data acquisition, and can be synthesised in sufficient quan
tity and concentration, whilst maintaining low polydispersity. 

From previous SANS studies, a nanodisc model was generated with 
which to fit and analyse the data using software developed at NIST [21]. 
This model was found suitable to fit lipid-only nanodiscs without the 
protein incorporated. However, the insertion of membrane protein into 

the nanodisc adds further complexity, requiring changes to model pa
rameters to accommodate such structures. Fig. 1 shows the overall shape 
for the circular cylindrical model and the typical parameters (Table 1) 
we have previously found when examining lipid-only nanodiscs, con
taining 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). In this 
model the central cylinder represents a circular patch of DMPC bilayer, 
with headgroup slabs at either end of the core which is composed of the 
lipid tails. The polymer forms a circular belt around the lipid tail region 
of the cylinder, to shield the hydrophobic tails from the surrounding 
aqueous solution, but does not overlap with the headgroup regions. 

One of the difficulties thus far in determining the shape of the 
nanodiscs using SAS, is the use of a deterministic form factor model, 
with the overall particle shape assumed to be, for example nanodiscs or a 
core-shell sphere. Specifically, these models assume that the fitted 
shapes or form factors, i.e. spheres, ellipses or cylinders are uniform and 
form distinct layers within the structure. It is possible in principle to 
correct shape effects by using larger polydispersity terms to effectively 
‘blur’ the structure. However, this is clearly of limited utility when 
attempting to obtain accurate structural dimensions. One complemen
tary technique to determine structures from SAS data is ab initio 

Fig. 1. Schematic of nanodisc model used to fit SANS data. Model adapted 
from [24]. 

Table 1 
Parameters and typical values for the nanodisc model used to fit SANS data from 
nanodiscs prepared using the copolymer SMA2000. The values of the following 
parameters: core length, face shell thickness, SLD core, mole fraction of water in 
face (Mol frac. H2O in face), SLD solvent, concentration of monovalent salt in 
sample solution (Conc. Monovalent Salt), dielectric constant and temperature 
were fixed. [Mol frac. in belt] corresponds to the mole fraction of water in the 
polymer belt. (*) denote the parameters allowed to fit the data. Parameters are 
described in Jamshad et.al., [23].  

Parameters Units Values 

Volume Fraction  0.04* 
Mean Core Radius Å 40* 
Polydispersity  0.35* 
Core Length Å 28 
Radial Shell Thickness Å 10* 
Face Shell Thickness Å 8 
SLD core Å− 2 5×10− 7 

Mol frac. H2O in face  0.57 
Mol frac. H2O in belt  0.6* 
SLD solvent Å− 2 6×10− 6 

Charge  40 
Conc. Monovalent Salt mol/L 0.1665 
Dielectric constant  78 
Temperature K 298 
Background  0.01*  
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modelling. Ab initio modelling creates possible conformational struc
tures based on simulated annealing of the input data, rather than using 
pre-determined structures. This methodology is frequently applied to 
soluble proteins of various molecular weights and is used to obtain so
lution structures of proteins and their complexes at low resolution. 
DAMMIN is a single-phase ab initio modelling tool, where a phase 
represents either a protein or the solvent. This creates models that are 
made up of beads termed by the authors as “dummy atoms”, which are 
assigned to represent protein or solvent. MONSA is an extension of this 
methodology, which is able to derive models with multiple phases 
simultaneously, based on differences in scattering length density (SLD). 
MONSA was specifically optimised for modelling with SANS data, as it 
can draw upon multiple datasets to highlight the different aspects of the 
system to obtain a clearer understanding of the whole structure, by 
assigning the “dummy atoms” to different phases within the system or 
solvent. This methodology and software was developed by Svergun 
et al., [22] and can be used to determine low-resolution dummy-atom 
models, by inputting the correct scattering length densities to each of the 
datasets; i.e. the polymer belt, and the combined lipid/protein core. 

In this study we utilise SMA as a support for two membrane proteins: 
Outer membrane protein F (OmpF) and gramicidin. Gramicidins are a 
form of ionophore, which can form channels to allow cations across 
mitochondrial membranes and other lipid bilayers [25–27]. Gramicidin 
A is also a well-known antibiotic, which is able to disrupt cellular ionic 
homeostasis [28]. As gramicidin is able to permeate to form integral 
peptides across the lipid bilayer and is readily available in large quan
tities commercially, it was considered a suitable protein to test our 
methodology. Additionally, by using simple lipids, such as DMPC, 
known to form nanodiscs in the presence of SMA [29], this would 
eliminate the complexity of using natural biological membranes. OmpF 
is a membrane protein found on the outer membrane of gram-negative 
bacteria, such as Escherichia coli (E. coli). This protein facilitates the 
transport of small hydrophilic molecules, less than 600 Daltons, across 
the outer membrane [30, 31]. OmpF is a 16 β-stranded barrel and is one 
of two membrane porins which make up approximately 7 % of the total 
protein within a cell, equating to 105 copies per cell on average [32,33]. 
OmpF can form a homotrimer, consisting of 37 kDa monomer units [33, 
34]. OmpF was one of the earliest membrane protein porin structures to 
be determined [33–36]. The extensive characterisation of this system 
renders it an ideal candidate for testing new methodology, in order to 
determine the potential pitfalls or differences associated with modelling 
membrane protein structures, ab initio, from SANS data using 
polymer-derived nanodiscs. 

In this work, the structure of OmpF and gramicidin has been inves
tigated within nanodiscs using form-factor based SANS fitting methods 
for comparison to dummy-atom models generated using the ab initio 
modelling tools, DAMMIN and MONSA. This paper highlights the 
structures of OmpF, and gramicidin proteins incorporated in polymer- 
nanodiscs determined using SANS, how they compare to other tech
niques, such as DLS and CD, and discusses differences that occur when 
modelling these complex systems using different methods, whilst 
comparing to known protein crystal structures. 

2. Materials and methods 

2.1. Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (hDMPC) and deuter
ated 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d-DMPC) were 
purchased from Avanti Polar Lipids Ltd. The poly(styrene-co-maleic 
anhydride), SMA® 2000 was purchased from Cray Valley. Slide-A- 
Lyser® Mini dialysis units at 10,000 MWCO (#11809420), Vivaspin 500 
centrifugal concentrators at 3000 MWCO (#10440282) were purchased 
from Fisher Scientific. Disposable PD 10 Desalting Columns (Cytiva, 
#17-0851-01PD-10), Gramicidin from Bacillus aneurinolyticus (Bacillus 
brevis) (#G5002) and all other chemicals were purchased from Sigma 

Aldrich and used without further purification. 

2.2. Polymer hydrolysis 

The commercially available SMA2000 is a poly(styrene-co-maleic 
anhydride) copolymer (SMAnh), insoluble in water and supplied by 
Cray Valley (SMA® 2000). It was hydrolysed to its acid form – poly 
(styrene-co-maleic acid), (SMA). Hydrolysis was conducted as with 
previous work [37,38]. In summary, a solution of 10% w/v SMAnh in 2 
mol dm− 3 NaOH was heated under reflux for 2 h. The solution was 
cooled and the product precipitated by reducing the pH to below 3.0 
using concentrated hydrochloric acid. The polymer was recovered by 
centrifugation at 10,000 x g and washed three times with deionised 
water, before re-dissolving in 2 mol dm− 3 NaOH and adjusting to pH 8.0. 
The final solution was then freeze-dried. 

2.3. Gramicidin SANS sample preparation 

To prepare gramicidin-nanodiscs, a mixture of gramicidin-DMPC li
posomes was prepared at a stock concentration of 20 mM DMPC with 
320 µM gramicidin. First, a mixture of DMPC and gramicidin was pre
pared in a solution of 1:1 chloroform: methanol. The solution was then 
dried using a rotary evaporator to create a thin film. The film was then 
rehydrated with PBS buffer (35 mM sSodium phosphate dibasic, 150 
mM NaCl) prepared in H2O (h-PBS), D2O (d-PBS) or 32 mol% D2O in 
H2O (32% d-PBS) to create gramicidin-incorporated vesicles. SMA was 
added to a final concentration of 10 mM DMPC, 160 µM gramicidin and 
2.5% (w/v) SMA. This was repeated for each deuteration contrast used 
for SANS; d-DMPC with h-PBS, h-DMPC with d-PBS and d-DMPC with 
32% d-PBS. 

2.4. OmpF enrichment 

Endogenous OmpF enrichment was adapted from Efremov and 
Sazanov [39]. In summary, E.coli cells were resuspended, homogenised 
and broken in a French Press or continuous flow disruptor. The sample 
was centrifuged at 9,700 x g for 15 minutes and the cell lysate (super
natant) was collected. The membranes were pelleted through centrifu
gation at 23,800 x g for 30 to 90 min. Membrane fractions E.coli cells, 
were re-suspended in 25 mL PB buffer (20 mM Tris pH 8.0, 1 mM EDTA). 
1 % (w/v) Triton X-100 was added to the membrane samples and left for 
15 minutes with gentle agitation to solubilise inner membranes. Samples 
were then ultra-centrifuged at 178,000 x g for 40 min at 4 ◦C to remove 
inner membrane and Triton X-100 contaminants which remain in the 
supernatant. The pellet was then harvested, re-suspended in PB buffer 
and homogenised. Next, 2% (w/v) Triton X-100 was added to the sample 
and left to stir for 10 minutes at room temperature. OmpF enriched 
membrane pellets were collected through ultra-centrifugation at 178, 
000 x g, for 40 min at 4◦C to remove any remaining species solubilised 
by the Triton X-100 which again remain in the supernatant. The pellets 
were solubilised with SMA2000 at a final concentration of 2.5 (w/v). 
Samples were incubated for 1 h with gentle agitation at room temper
ature, before ultra-centrifugation at 120,000 x g for 20 min at 4 ◦C. The 
supernatant was collected, and excess polymer removed from the sample 
using size exclusion chromatography (SEC). A SuperdexTM 200 10/300 
column (GE Healthcare) was used to separate the solubilised nanodiscs 
from the excess polymer within the sample using an AKTA FPLC puri
fication system. Fractions containing nanodiscs were collected and un
derwent lipid exchange for SANS experimentation. A DLS measurement 
was made on the fractionated nanodiscs containing the native lipid. 

2.5. Circular dichroism 

Circular dichroism (CD) spectra were measured between 260 – 185 
nm at 20◦C using a 1.00 mm quartz cuvette using a Chirascan CD 
spectrometer (Applied Photophysics, UK) to confirm that the protein 
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was incorporated into the nanodiscs. The OmpF-enriched nanodisc 
sample from Peak 3 was dialysed into sodium phosphate buffer at pH 7.8 
using a disposable PD-10 desalting column. The preparation of OmpF 
samples for CD requires a buffer exchange to reduce solvent interfer
ence. A disposable PD 10 Desalting Column was used to exchange the PB 
buffer to sodium phosphate buffer (pH 7.8), following the manufacturers 
protocol. UV absorbance was read to determine the protein concentra
tion, before diluting to 0.2 mg/mL for CD analysis. DMPC-only nano
discs were used as a control. To remove any ‘background’ interference 
from the CD spectrum, the signal from the DMPC-only nanodisc sample 
was subtracted from that from the OmpF samples. Scans were recorded 
with a bandwidth of 2 nm, 1 nm step increments, a 2 s time-per-point, 
and repeated 5 times. Scans were then averaged and normalised from 
millidegrees (instrument units) to delta epsilon (Δε) in M− 1 cm− 1. The 
data was analysed using Dichroweb [40–42] to determine the nature of 
the protein structure within the nanodiscs. 

2.6. Lipid exchange 

In order to obtain samples with deuterated lipid contrasts to study 
using SANS, purified OmpF samples in nanodiscs, initially containing 
native lipids, were subjected to lipid exchange. First, samples of 10 mM 
deuterated-DMPC (d-DMPC) with 1.5% (w/v) SMA in PBS buffer (20 
mM Tris pH 8, 150 mM NaCl), were left for 1 h at room temperature 
under gentle agitation. Excess polymer was removed by SEC using a 
SuperdexTM 200 10/300 column. Fractions were collected and lipid 

samples were concentrated by ultrafiltration using 3000 MWCO Ultra 
Centrifugal Filters to 10 mM d-DMPC, before adding to OmpF nanodisc 
samples at a 2:1 ratio of OmpF nanodiscs to d-DMPC nanodiscs. Samples 
were left overnight at 4 ◦C with gentle agitation to ensure lipid exchange 
had occurred. DLS was measured on the lipid exchanged nanodiscs after 
this step. This sample was split into three equal parts, ready for buffer 
exchange. 

In order to obtain the final buffer contrasts for SANS experimenta
tion, buffer exchange was required through dialysis. Samples required a 
100% deuterated PBS (d-PBS; made using D2O) and 32% d-PBS contrast 
(prepared using 32 mol % D2O and 68 mol % H2O in the PBS) to mask 
out hydrogenated polymer. This was done using 10,000 MWCO mini 
dialysis units and left overnight with at least 2 buffer changes to ensure 
sufficient exchange. Examples of the final samples were as follows; 
polymer with hydrogenated-natural bacterial membrane (h-bact) in 
100% deuterated PBS (d-PBS); polymer with partially deuterated bac
terial membranes via. lipid exchange with d-DMPC (d-bact) in 100% d- 
PBS; polymer with d-bact membranes in hydrogenated-PBS (h-PBS); and 
lastly polymer with d-bact membranes in 32 % d-PBS. 

2.7. SANS 

Nanodisc solutions were loaded into 1mm thick quartz Hellma cells 
and placed in a temperature-controlled sample holding rack at 25 ◦C. 
Measurements were made on the SANS2d instrument at ISIS Neutron 
and Muon source (Harwell, UK). A source to sample and sample to 

Fig. 2. [A] Coomassie stain of the OmpF purification process (MEMB) depicts the crude membrane sample prior to purification, (1 and 2) show the pelleted sample 
harvested from the initial and second Triton solubilisation centrifugation steps; (3) shows the purified sample using 2.5 % (w/v) SMA2000; black arrow highlights 
OmpF band [B] SEC chromatogram from OmpF nanodisc sample (red) and DMPC-lipid nanodisc sample (black, dashed) at 254nm wavelength. [C] CD spectra for 
OmpF incorporated in nanodiscs (peak 3, red), ranging from 260 – 190 nm compared to a predicted CD spectra for OmpF crystal structure (PDB ID: 2OMF, black 
dotted), determined by PDBMD2CD [50]; [D] DLS data comparing the overall diameters of nanodiscs incorporating OmpF prior to (red) and after lipid-exchange 
(yellow), nanodiscs incorporating gramicidin (blue) and empty DMPC nanodiscs (dotted black). 
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detector distance of 4 m was used, with 8 mm beam size at the sample 
position, giving q range 0.004 Å− 1 to 0.7 Å− 1. The scattering from a 
polymer standard was used to normalise the data onto an absolute scale. 
Data were corrected, solvent backgrounds subtracted and reduced to 1-D 
curves using Mantid software [43]. A circular cylindrical nanodisc 
model [21] was used for the gramicidin-nanodiscs, whereas an ellip
soidal cylindrical nanodisc model was used to fit OmpF-nanodiscs [44]. 
In this case, the ellipticity of the core cross section was described by two 
radii; the major and minor radius, which are linked by the ellipticity. 
The model is part of the SANS analysis software developed at NIST [21], 
modified to incorporate the water content in the shell. SANS data at 
different contrasts were globally/simultaneously fitted to determine the 
overall parameters of the nanodisc, using the NIST SANS analysis 
package within Igor Pro 6 (Wavemetrics) software [21]. 

2.8. Dynamic light scattering 

DLS measurements were taken for DMPC lipid only nanodiscs and 
gramicidin-nanodiscs. Measurements on two OmpF-nanodiscs samples 
were also taken, both prior to, and after lipid exchange. All DLS mea
surements were performed using a Malvern Panalytical Zetasizer Nano 
ZS at 25 ◦C, in disposable 40 μl micro cuvettes, at a wavelength of 633 
nm and an angle of 173◦. Size distribution was measured using the 
Zetasizer software and is shown on a log scale, plotted using Igor Pro 6 
(Wavemetrics) software. 

2.9. Transmission electron microscopy 

For transmission electron microscopy (TEM), imaging samples were 
prepared as follows; carbon-formvar coated copper grids were activated 
by glow discharge before applying 10 µL sample (diluted to 20 µg/mL) 
for 1 min. The grid was then blotted before washing with DI water and 
blotted again. The grid was then stained with uranyl acetate before 
allowing to dry. The images were taken using a Jeol 2100 TEM instru
ment at 200 kV. 

2.10. Gramicidin nanodisc SANS data ab initio modelling 

DAMMIF was used to create an overall shape before further refine
ment. DAMMIF models were repeated ten times with no symmetry (P1), 
before being passed through a series of model evaluations; First, 
DAMSEL, which transposes each repeat to highlight potential outliers 
within the models. This was followed by DAMSUP, which can transpose 
the repeats and assigns a probability weighting for each dummy atom. 
Next, DAMAVER [45] was used to average the models and align to the 
same axis. DAMFILT was then used to remove any artifacts within the 
models. These models were then converted via DAMSTART to be passed 
through DAMMIN [22], to compare against the original data file. 
DAMMIN is the slower mode software for single phase shape determi
nation, to obtain the most accurate “dummy atom” model for the data 
inputted [46]. 

2.11. OmpF nanodisc SANS data ab initio modelling 

MONSA was used to generate a multi-phase model of two phases for 

the OmpF-nanodisc system. Further refinement of these models was as 
follows; The MONSA models for each of the two phases were first run 
through DAMSEL, to transpose each repeat into the same orientation 
and to highlight potential outlier “dummy atoms”; next through 
DAMSUP, to determine probability weightings for each “dummy atom”; 
followed by DAMAVER, which averages the models and aligns them to 
the same axis’ and lastly though DAMSTART and DAMFILT separately, 
removing artifacts [45,47]. The resulting two models were super
imposed at the correct orientation to one another by using SUPCOMB 
[48] and visualised using Visual Molecular Dynamics (VMD) [49] 
software. 

3. Results and discussion 

3.1. OmpF enrichment 

The solubilisation of OmpF with SMA has not been previously re
ported, therefore the first step was to determine whether this could be 
achieved. The results in Fig. 2A, show the enrichment process starting 
from crude membrane (MEMB), through purification with Triton X-100 
(lanes 1 and 2), and lastly the OmpF enriched fraction was incorporated 
into polymer nanodiscs using SMA (lane 3). Although there is a loss of 
protein along each step, the high quantity of OmpF present within 
samples results in highly enriched samples at a concentration suitable 
for further characterisation (approximately 1 mg/mL). It should be 
noted that the outer membranes containing OmpF are prepared for SMA 
solubilisation following detergent solubilisation of inner membrane. 
Therefore, the incorporation of OmpF into polymer nanodiscs is not a 
detergent-free procedure. 

3.2. SEC sample peaks 

To reduce the polydispersity of the sample for SANS measurements, 
OmpF nanodisc samples were fractionated from aggregates and free, 
unbound polymer using SEC with detection at 254nm to highlight the 
polymer. The first peak (seen in Fig. 2B, P1) was calculated to be at the 
void volume (VO) (Standards can be found in appendix, Fig. A.1), sug
gesting large polymer aggregates within the sample. Peak 2 (P2) was 
calculated to be at approximately 154 kDa and peak 3 (P3) at approxi
mately 85 kDa. It was thought the OmpF nanodiscs would either be in P2 
or P3, as OmpF in trimer form is around 110 kDa and in monomer form 
approximately 37 kDa [33,34]. In comparison, lipid-only nanodiscs had 
a peak of approximately 67 kDa, smaller than P3 (Fig. 2B). The 
remaining peaks are commonly seen in SEC data from solutions of 
SMA2000 and are thought to be free polymer. 

3.3. Circular dichroism of OmpF samples 

The spectrum from the protein-containing nanodisc was compared to 
a known OmpF protein structure (PDB ID: 2OMF) (Fig. 2.C). The pre
dicted CD spectrum for OmpF structure 2OMF, was determined by 
PDBMD2CD [50]. Values for the crystal structure were obtained through 
the 2StrucCompare web interface using the STRuctural IDEntification 
method (STRIDE)[51] to determine the secondary structures in the 
sample. These can be compared to the values calculated for the 

Table 2 
Table showing the deconvolution values obtained from Dichroweb [40–42] for nanodiscs incorporating OmpF (OmpF-SMA), normalized root-mean-square deviation 
(NRMSD) = 0.018. Values are compared to the crystal structure for OmpF (PDB ID: 2OMF) using STRIDE [51] and 2StrucCompare web interface to calculate the 
secondary structures. [Helix 1 and Helix 2] correspond to the α-helices, [Strand 1 and Stand 2] correspond to the β-sheets, [Turns] correspond to the turns in the protein 
structure and [unordered] equate to disordered sections within the protein.   

Helix1 Helix2 Strand1 Strand2 Turns Unordered Total 

OmpF-SMA 0.03 0.05 0.23 0.12 0.22 0.33 0.98  
0.08 0.35 0.55 0.98 

2OMF STRIDE 0.04 0.58 0.38 1.00  
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OmpF-SMA sample (Peak 3, Table 2). The CD signal from DMPC-only 
nanodiscs was flat and was used to subtract any potential background 
signal and copolymer interference from the OmpF-SMA nanodisc CD 
spectrum. The samples from SEC P2 were also measured (data not 
shown). However, no signal was observed, suggesting this peak does not 
contain protein. Hence, the nanodiscs incorporating OmpF were only 
present in the Peak 3 sample from SEC. 

The results shown in Table 2 indicate that the secondary structure 
values of OmpF-incorporated in nanodiscs vary slightly compared to the 
OmpF crystal structure 2OMF. This may be due to contaminants or slight 
impurities from the OmpF enriched sample. The values for unordered 
aspects are slightly higher in the OmpF-nanodisc sample, with the 
β-sheets value being lower as a result. This could indicate that the 
environment within the nanodisc is affecting the OmpF structure. SMA 
derived nanodiscs show negligible absorbance at these wavelengths and 
are well suited for investigating proteins using CD [11]. As a result, it 
was thought the surrounding environment was causing the 

conformational changes seen here, rather than direct interference from 
polymer absorbance. SANS data provide further insight into the struc
tural changes observed from these CD results. 

3.4. DLS of OmpF and gramicidin samples 

Prior to SANS measurements, DLS was used to measure the size of 
components corresponding to each of the peaks obtained from SEC. The 
results indicated that the nanodisc is approximately 130 Å (13 nm) in 
diameter in P3 (Fig. 2.D) and the corresponding polydispersity is at 0.35, 
prior to lipid exchange. The relatively high polydispersity may be due to 
the nature of the outer lipid membrane components which are expected 
to be heterogeneous and to include lipopolysaccharides as well as 
phospholipids and other components. The polydispersity may also arise 
from the shape of the OmpF containing nanodiscs, since the DLS analysis 
assumes spherical particles, whereas SANS analysis suggests that an 
ellipsoidal cylindrical model is a better fit to the data. The analysis 
discussed below demonstrates that these constructs are not spherical. 
The size of these nanodiscs is larger than empty DMPC-SMA nanodiscs, 
which are typically 80–90 Å in diameter [29], and have a low poly
dispersity of 0.18. DLS data obtained from P3 showed higher poly
dispersity than DMPC-only nanodiscs, suggesting that this sample was 
not purely OmpF containing nanodiscs. This polydispersity may arise 
from a combination of single protein species nanodiscs, empty nanodiscs 
and potentially the random assortment of lipids probably still associated 
within each nanodisc. Polydispersity tends to be much lower when 
observing lipid-only nanodisc samples [37,52]. After lipid-exchange 
using d-DMPC-containing nanodiscs, the diameter is reduced to 8.8 
nm with a PDI of 0.1, similar to the DMPC-only nanodiscs. This uni
formity suggests only one type of nanodisc is present, that containing 
OmpF, and the change in size and polydispersity suggests successful 
lipid-exchange from the heterogeneous native lipids from the outer 
membrane to largely d-DMPC lipids within the sample. 

DLS data from gramicidin-nanodiscs are a similar size to lipid-only 
nanodiscs at approximately 80 Å (8 nm) in diameter (Fig. 2.D). This 
similarity in size was expected, as gramicidin monomers are small 
peptides of 15 amino acids [28,53], so these nanodiscs would contain 
mainly DMPC lipid. Therefore, the gramicidins present in the nanodiscs 
would not exceed the typical DMPC-nanodisc diameter and are therefore 

Fig. 3. [A] Individual fit of SANS data collected for gramicidin incorporated in nanodiscs using SMA2000 at three different contrast conditions. Model used; circular 
cylindrical nanodisc model adapted from [21]. Contrasts are as follows; ▽ deuterated DMPC (d-DMPC) with h-PBS, ○ h-DMPC with d-PBS, □ d-DMPC with 32 % 
d-PBS. [B] Simultaneous fit of SANS data collected for OmpF incorporated in nanodiscs using SMA2000 at three different contrast conditions. Model used; ellipsoidal 
cylindrical nanodisc model adapted from [44] Contrasts are as follows; ▽ partially deuterated bacterial membranes through lipid exchange with d-DMPC (d-bact) 
with h-PBS, ⋄ d-bact with d-PBS, □ d-bact with 32 % d-PBS. χ2 = 0.032. Data was simultaneously fitted using the NIST SANS Analysis package within the Igor Pro 6 
(Wavemetrics) software [21]. 

Table 3 
Parameter values that are allowed to vary during fitting of the SANS data shown 
in Fig 3. [A] Parameter values for gramicidin-nanodiscs using the circular cy
lindrical nanodisc model. [B] Parameter values for OmpF-nanodiscs using the 
ellipsoidal cylindrical nanodisc model. [Minor radius] depicts the radius of the 
lipid-protein core component of the system, [radial polydispersity] depicts the 
polydispersity of the radius of the lipid-protein core, [Core length] depicts the 
length of the lipid tails / depth of the nanodisc core, [Polymer belt thickness] 
corresponds to the polymer belt surrounding the lipid-protein core within the 
nanodisc system, [Major Radius] corresponds to the second radius of the 
nanodisc core cross section.  

A B 

SANS Model: Circular Cylinder Nanodisc SANS Model: Ellipsoidal Cylinder 
Nanodisc 

Parameters Values ± Parameters Values ±

Core radius (Å) 23 1 Minor radius (Å) 15 1 
radial polydispersity 

(σ) 
0.10 0.02 Major radius (Å) (nu) 35 

(2.3) 
1 

CORE length (Å) 28  CORE length (Å) 44  
Polymer belt thickness 

(Å) 
8 1 Polymer belt 

thickness (Å) 
9 1  
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unlikely to affect the natural formation of the nanodisc with DMPC. 

3.5. SANS data fitting 

3.5.1. Gramicidin 
Fig. 3A shows the SANS data collected from gramicidin containing 

nanodiscs at three different buffer contrasts. Gramicidin-nanodisc fits 
were generated using the circular cylindrical nanodisc model, derived 
from models developed at NIST [21] to incorporate water content in the 
shell/ polymer belt (Fig. 1). This model was deemed suitable as the 
peptide dimer incorporated in the nanodisc would be 30 amino acids 
long, and so the lipid core of the nanodisc would be largely DMPC, and 
this model has been used when studying lipid-only nanodiscs previously 
[37,54]. The gramicidin-nanodisc datasets were simultaneously fitted to 
obtain initial values and refined to account for the various aspects of the 
system highlighted in the three separate contrasts. Uncertainties in the 
fitted parameters were generated by repeating the fits a number of times 
with different starting values and noting the variation in parameter 
values for fits with equivalent χ2 values. The core radius of the nanodiscs 
was determined to be 23 ± 1 Å, with the polymer belt being slightly 
thinner at 8 ± 1 Å (Table 3.A, in comparison to lipid-only nanodiscs 
which have a core radius typically around 10 Å [23,37,54]. The core 
length was fixed at 28 Å, the same value as DMPC-lipid only nanodiscs. 
The overall diameter of the nanodisc can be calculated as 62 Å in 
diameter. This is slightly smaller than the size calculated with DLS. 
However, the size calculated for DLS is the hydrodynamic radius 
calculated from the diffusion coefficient, which includes the shell of 
solvated counterions and solvent that move with the polymer nanodisc 
in the overall size. 

3.5.2. OmpF 
Initially, fittings were attempted using the circular cylindrical 

nanodisc model that had been utilised for the gramicidin-nanodiscs. 
However, this model did not incorporate all the aspects of the struc
ture, and therefore gave poor fits to the data. As a result, the data for 

different contrasts of OmpF-incorporated in nanodiscs were simulta
neously fitted using an ellipsoidal cylindrical nanodisc model (Fig. 4), 
which was determined to be more suitable for SANS analysis, as the fit to 
the data was greatly improved [44]. This model incorporates a major 
and minor radii aspect for the cylinder cross section. This is calculated 
by “nu”, which depicts the ellipticity of the disc. Ellipticity is calculated 
as follows. 

Major Radius = Minor Radius⋅nu (1) 

The three contrasts were globally fitted in Igor Pro (Fig. 3B). The 
results indicated the cylindrical nanodisc to have an ellipsoidal rather 
than circular cross-section, so was an elongated flat disc, at approxi
mately 48 Å by 88 Å in total diameter (Table 3B). The larger diameter 
corresponds to that measured by DLS for the lipid exchanged sample, 
bearing in mind that DLS assumes the particles are spherical, but also 
includes a hydration layer. The radial shell thickness, corresponding to 
the polymer bounding the edges of the lipid bilayer was calculated to be 
9 ± 1 Å, similar to lipid-only nanodiscs which normally have a polymer 
belt around 10 Å thick [37,54,55] and to the belt on the 
gramicidin-nanodiscs, at approximately 8 Å. The depth of the lipid core 
(Table 3.B, Core length) was fixed at 44 Å; by adding the length of the 
lipid heads, fixed at 8 Å, the total core length will match the typical 
length of the OmpF at 60 Å [56]. The ellipsoidal cylinder model fitted 
the sample data well (χ2 = 0.032), suggesting that the nanodiscs within 
these samples have a more elongated core cross-section than the circular 
lipid only nanodiscs. 

3.6. Gramicidin DAMMIN ab initio shape determination 

Initially, MONSA software was applied to the multiple contrasts to 
perform ab initio shape determination. However, given the small peptide 
size of gramicidin (molecular weight at 1880 g/mol) it proved chal
lenging to separate the different phases within this system. Therefore, 
for this system we utilised DAMMIF [47]. Only one contrast was 
required, d-DMPC with 32 % d-PBS, which predominantly highlights the 

Fig. 4. SANS representative ellipsoidal cylinder nanodisc model, showing the parameters used to fit the SANS data to this model [44].  

Fig. 5. DAMMIN ab initio modelling of the gramicidin SMA2000 nanodisc system [22]. This model was repeated n = 10. Model was run through DAMMIF, DAMSEL, 
DAMSUP DAMAVER and DAMFILT [45,47]. The model was visualised using Visual Molecular Dynamics (VMD) [49]. This model is shown in three different ori
entations. Scale bar is 10 Å. The bead colour [cyan] depicts the core of the nanodisc, including lipid, and gramicidin protein. 
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lipid/protein core of the nanodisc, whilst masking out the polymer belt. 
DAMMIF was used to create an overall shape before further refinement. 

After refinement, the model was passed through DAMMIN [22], to 
produce the finalised shape single-phase model for the 
gramicidin-nanodiscs, shown in three different orientations (Fig. 5). The 
model is approximately 70 Å across by 30 Å at the thickest point towards 
the edges of the disc. This size is in excellent agreement with previously 
derived nanodisc sizes with DMPC, around 80 Å in diameter with a core 
length of approximately 28 Å. Additionally, the DLS data for the 
gramicidin-nanodiscs show diameters around 80 Å and SANS fittings 
using the circular nanodisc model show an overall size of approximately 
62 Å. Taking into account the variation of size for DLS, due to the hy
drodynamic radius and the low-resolution models from ab initio refine
ment, these similar sizes suggest a promising route for structural analysis 
of the protein-incorporating nanodisc. Interestingly, as shown in Fig. 5, 
there is a distinct dip in the centre of the disc, approximately, 25 Å thick. 
This dip is consistent with insertion and dimerisation of gramicidin in 
the centre of the DMPC bilayer patch in the nanodisc, resulting in bilayer 
thinning due to hydrophobic mismatch [57]. In dimer form, gramicidin 
can form a channel 25 Å in length and 40 Å in diameter [53,58,59]. Here 
it is thought that the model illustrates both the lipid bilayer and the 
gramicidin dimer incorporated in the polymer nanodisc. It is uncertain 
at this point whether one or more dimers are present within the nano
discs, as no difference in nanodisc size was observed when initially 
separated through SEC (data not shown), suggesting that only one 
population of nanodiscs is present, although the small size of gramicidin 
makes that less certain. 

3.7. MONSA Parameters for Fitting OmpF Nanodisc SANS data 

OmpF-nanodisc SANS samples underwent ab initio modelling using 
the MONSA web interface [22]. This software is able to simultaneously 
fit multi-phase datasets together into a “dummy atom” model. It is 
therefore indicated for use with multi-contrast SANS datasets. The 
model generated consists of beads or “dummy atoms” which are 
assigned to different phases or to the solvent. The datasets were passed 
through the MONSA software n = 5 to generate 5 separate models. Two 
phases were used to distinguish the OmpF protein/lipid core of the 
nanodisc from the polymer part of the system, based on predefined SLDs. 
The OmpF incorporated in the disc could be in trimer or monomer form, 
thus a symmetry of P3 (3 planes of symmetry) could in principle fit the 
SANS data – however, in this instance, it was decided due to the nature 
of the polymer belt surrounding the nanodiscs, that modelling with no 
symmetry (P1) would generate a more accurate model of the nanodisc. 
Therefore, this parameter was left as P1, i.e. no imposed symmetry 
within the system. The Rmax was calculated at 45 Å using GNOM [60] 
(Appendix Fig A.2.). Three contrasts were compared using this method 
to attempt to distinguish between the lipid/polymer and the protein. 
These were d-bact with h-PBS, d-bact with d-PBS, and lastly d-bact with 
32% PBS to mask out the polymer belt. Two parameters were tested 
using MONSA. The first was to use interconnected phases with separate 
contrasts which forces connectivity within each of the two phases. The 
second was to disconnect the phases and maintain separate contrasts. 

3.8. OmpF nanodisc SANS data MONSA fittings 

The MONSA models shown in Fig. 6, show two phases; the blue 
dummy beads correspond to the polymer belt surrounding the OmpF 
protein, whereas the green dummy beads correspond to the lipid/ 
membrane protein core. Both the interconnected and disconnected 
phase models show a distinct elongated shape, with potentially three 
segments, which could in principle correspond to the trimer form of the 
OmpF protein. The interconnected phase model was measured at 
approximately 80 Å by 30 Å, whereas the disconnected phase model was 
slightly smaller at 70 Å by 30 Å. This coincides with the current un
derstanding that the OmpF-nanodisc system is more ellipsoidal than 

Fig. 6. MONSA ab initio modelling of the OmpF SMA2000 nanodisc system 
[22]. The model was repeated through MONSA online, n = > 5, with symmetry 
P1 (no symmetry). [A] shows model orientations of the crystal trimer forma
tion of OmpF (PDB ID: 2OMF), [B] shows model orientations for inter
connected phases, with separate contrasts, [C] shows model orientations for 
disconnected phases with separate contrasts. [Blue] depicts the lipid belt 
phase, [Green] shows the lipid and protein centre of the system..[Row 1 and 
4] represent the protein and lipid centre only, [Row 2 and 5] show the 
polymer belt component of the nanodisc, [Row 3 and 6] show the two phases 
once superimposed onto one another at the same orientation using SUPCOMB 
[48]. [Columns] depict various orientations of each model. Models were 
visualised using Visual Molecular Dynamics (VMD)[49]. Scale bar is 10Å. 
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previous lipid-only and gramicidin-nanodiscs. The ellipsoidal shape 
could indicate that the trimer form of OmpF has been incorporated into 
the nanodisc, as the shape is not dissimilar to that previously found for 
the crystal trimer form of OmpF (PDB ID: 2OMF) (Fig. 6.A). However, it 
also suggests the protein has been pulled in the nanodisc into a more 
elongated form (Fig. 6.B and 6.C). The diameters calculated by the form 
factor fitted ellipsoidal nanodisc model in Fig. 3, suggested a core 
diameter of 30 Å by 70 Å, but with the polymer belt, the total length 
would be 48 Å by 88 Å. Although the shortest core diameter at 30 Å 
would accommodate the β-barrel, which has a diameter of 20 Å [61] at 
its widest point, the longest core length was considered too short to 
accommodate a trimer, which is approximately 100 Å in the crystal 
structure [33]. Although the shape of the protein aspect of the system 
remains similar across both parameter sets, the distribution of the blue 
“dummy atoms” which correspond to the polymer, does not. In the first 
instance, where both phases are interconnected, the polymer belt, is 
portrayed as a randomised chain which encircles the lipid and protein. 
However, with the second set of parameters that disconnect the phases, 
the polymer belt becomes more globular; seemingly to separate into 
discrete clumps around the protein/lipid core to keep it in place. With 
the current datasets, there is difficulty in establishing which of the two 
multi-phase models is most accurate. Higher level computational models 
and additional experimental data contrasts may help to resolve this 
issue. Alternatively, the extension of the protein structure could be due 
to the differentiation of the lipid/polymer and protein, which may be 
misinterpreted in the low-resolution MONSA models. 

3.9. Transmission electron microscopy 

To verify whether the nanodiscs incorporating OmpF were elon
gated, TEM was conducted to observe the overall shape of these nano
discs. As seen in Fig. 7.B, there do appear to be at least a fraction of 
elongated ellipsoidal structures in the sample. The length of these 
structures does not exceed 1000 Å and were measured to be around 80 to 
140 Å in diameter. However, further investigation with additional 
techniques, such as cryo-EM may be indicated. 

4. Conclusion 

The modelling in this study suggests that the use of ab initio meth
odologies, such as DAMMIF, DAMMIN and MONSA has the potential to 
aid in understanding basic aspects of the structure of proteins in 
polymer-nanodiscs. By comparing these models to other complimentary 
structure determining techniques, such as CD and DLS in this paper, 
these techniques combined can provide a greater understanding of the 
structure of both the nanodisc itself and the proteins incorporated 
within. The CD spectra confirmed that OmpF was incorporated into the 

nanodiscs. However, when compared to the published crystal structure, 
the OmpF-nanodisc differed considerably, suggesting the nanodisc 
structure could be affecting the natural folding of the protein. 
Conversely, due to the processes undertaken for protein crystallisation, 
it could be argued that the protein structure incorporated in the nano
disc could be more representative of its integral membrane form. Either 
would align with the results found when comparing the MONSA model. 
The results from DLS and SANS fitting using the form factor based 
nanodisc models for both gramicidin and OmpF-nanodiscs were similar 
when comparing the overall size. However, the ab initio methodologies 
appear to give more realistic pictures of the structure of these constructs 
in solution than the constrained form factor models. 

The DAMMIN generated model for gramicidin-nanodiscs was shown 
to contain a gramicidin dimer formation at the centre of the core model, 
noted by a dip in the lipid/protein core. However, it was uncertain as to 
how many dimers may be present in the nanodiscs, as the overall size of 
the nanodiscs remain the same. When comparing the form factor SANS 
model values with those generated from MONSA fitting for OmpF- 
nanodiscs, we were able to determine a more elongated shape of the 
nanodisc, unlike lipid-only and gramicidin-nanodiscs. Although this 
elongation initially suggested the trimer protein may be present within 
the nanodiscs, we are not convinced that this is the case, as the overall 
length of the models were not long enough to accommodate the OmpF 
trimer formation. Therefore, it was suggested the OmpF trimer is either 
present in a non-native or differing configuration to crystal structures, or 
only a dimer or monomer is present within these discs. It is also thought 
that the idealised nanodisc shape may in reality be more complex than is 
generally envisaged, as the polymer phase distribution seen in both 
MONSA models differed from that in the deterministic form factor 
nanodisc model used to fit the SANS data initially. Further molecular 
dynamics driven approaches may be the key to determining such 
structures in the future. 

Both the form factor model and ab initio model, start with the same 
data, however, the underlying mathematical analysis is rather different. 
Form factors are limited by their fixed shapes, requiring polydispersity 
to “blur” the structure to obtain a good fit for non-ideal or arbitrary 
shapes. These models are shown as defined circular or elliptical cylin
ders. In contrast, the ab initio constructs suggest the sample may not have 
such well-defined cylindrical components, meaning the model generates 
a more weblike structure for the polymer surrounding the lipid/protein 
core. 

This study has highlighted the potential to utilise ab initio modelling 
techniques, alongside form factor analysis methods for SANS data and 
other structural analytical techniques, to provide an alternative struc
tural insight when studying extracted membrane proteins in polymer 
nanodiscs. Further complimentary techniques help ensure that the 
protein in question has not been affected by incorporation into the 

Fig. 7. TEM micrographs of OmpF bacterial membranes incorporated into polymer nanodiscs with SMA2000. [A] Scale bar represents 200 Å; [B] Scale bar rep
resents 100 Å. 
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polymer nanodisc. In conclusion, the work here demonstrates the utility 
of ab initio modelling in determining protein structure from SANS data 
for proteins incorporated in polymer-nanodiscs. 
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