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Abstract. The method of small angle scattering (SAS) is widely used in the field of biophysical 

research of proteins in aqueous solutions. Obtaining low-resolution structure of proteins is still 

a highly valuable method despite the advances in high-resolution methods such as X-ray 

diffraction, cryo-EM etc. SAS offers the unique possibility to obtain structural information under 

conditions close to those of functional assays, i.e. in solution, without different additives, in the 

mg/mL concentration range. SAS method has a long history, but there are still many uncertainties 

related to data treatment. We compared 1D SAS profiles of apoferritin obtained by X-ray 

diffraction (XRD) and SAS methods. It is shown that SAS curves for X-ray diffraction 

crystallographic structure of apoferritin differ more significantly than it might be expected due 

to the resolution of the SAS instrument. Extrapolation to infinite dilution (EID) method does not 

sufficiently exclude dimerization and oligomerization effects and therefore could not guarantee 

total absence of dimers account in the final SAS curve. In this study, we show that EID SAXS, 

EID SANS and SEC-SAXS methods give complementary results and when they are used all 

together, it allows obtaining the most accurate results and high confidence from SAS data 

analysis of proteins. 
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1.  Introduction 

Small-angle scattering (SAS) is a powerful technique for investigating large-scale structures at scales 

from 10Å to 104Å and is widely used in biology and material science [1–20] especially for investigations 

of complexes [21–26] and large structures [27–29], Consequently, the question of quantitative 

characterization of these structures becomes extremely important. In structural biology, small-angle X-

ray and neutron scattering (SAXS and SANS) are mostly used to determine integral structural 

parameters of biomolecules such as radius of gyration, scattering volume or aggregation parameters. 

SAXS and SANS allow one to recover three-dimensional shape from one-dimensional scattering pattern 

by dummy atom modelling [30]. These approaches require high purity and monodispersity of samples 

in order to exclude clustering effects by using standard sample preparation protocols and data processing 

methods such as extrapolation to infinite dilution (EID). The EID method uses extrapolation of I(q) 

curves for different concentrations of the protein to zero concentration for creating idealized scattering 

curve [31]. The method works well for excluding of structure factor effects. In case there are dimers or 

aggregates and the dependency on concentration is sophisticated, we suggest using small angle X-ray 

scattering method combined with size-exclusion gel-chromatography (SEC-SAXS) method. SEC-

SAXS uses on-line high-pressure liquid chromatography (HPLC) system coupled with SAXS 

instrument that enables direct SAXS measurements of chromatographic sample fractions. Originally this 

method was developed to allow measurements of unstable and aggregating samples,  but it can also be 

used for stable proteins [32–39]. 

In this investigation, we show dummy atom models reconstructed from the scattering curves. We use 

apoferritin due to its simplicity, stability and highly spherical shape [40–42]. Apoferritin is an iron 

depleted form of ferritin which is well known for its important role as main iron storage [43–45]. In 

accordance with X-ray crystallography data, apoferritin consists of 24 subunits forming a quasi-

spherical core shell with a cavity inside [46] and several intersubunit channels that communicate 

between the interior of the molecule and external environment. Apoferritin may encapsulate small 

molecules, making it an interesting system for drug delivery [41,47–49]. Moreover, ferritin could be a 

candidate for a marker of cancer and/or biological age [50] or has a biotechnical implementations like 

some other proteins such as rhodopsins etc. [51,52]. However, crystallographic structure of the protein 

state can be influenced by crystallization conditions and crystal packing. Usually authors do not 

distinguish the influence of the structure factor effects and the effects of oligomerization, taking into 

account the quadratic dependence of the scattering intensity on the volume of the object under study.  

Therefore, SAS is an important approach that could be used to determine structural parameters of 

apoferritin under native conditions.   

Apoferritin 3D dummy atom modelling was already done in both small angle X-ray (SAXS) and neutron 

(SANS) scattering experiments, using EID method to exclude clustering effects [53]. 

However, the EID method can be insufficient to obtain an idealized monomer SAXS curve with 

confidence. The quality of SAXS data throughout the full Q-range plays crucial role in data processing 

and may seriously influence final models and conclusions if not treated correctly. 

The aim of this study is a comparative analysis of structural parameters of proteins in solution and in 

crystal using as an example the protein apoferritin. This requires the greatest possible resolution and 

elimination of the structure and oligomeric factors. As it was mentioned above, different methods 

provide different results, which might also depend on the oligomeric factor and concentration of the 

protein. 

2.  Materials and Methods 

2.1.  SEC-SAXS experimental setup and sample description 

Horse spleen apoferritin was purchased from Sigma-Aldrich Chemie GmbH (Product number A3660). 

Storage buffer (50% glycerol and 0.075 M NaCl) was replaced with buffer (200 mM NaCl and 20 mM 
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Tris, pH=7.5) by dialysis in 1L of the buffer. After dialysis, the protein was applied to Superdex 200 

(S200 GL 10/300, GE Healthcare) size-exclusion column, which was connected to on-line HPLC system 

(LC-20ADXR, Shimadzu) attached directly to the sample-inlet valve of the BM29 sample capillary 

[39,54]. 500 µL of 8.8 mg/mL protein solution were injected onto the column (Superdex 200 10/300 

GL, GE Healthcare). Buffers were degassed and the column was equilibrated with 1.5 column volumes 

of buffer. A flow rate of 0.5 ml/min at room temperature was used and the baseline was monitored. All 

data from the run were collected at a wavelength of 0.99 Å using a sample-to-detector distance 

(PILATUS 1M, DECTRIS) of 2.876 meters corresponding to an effective Q range of 0.008–0.45Å-1. 

Approximately 1200 frames (1 frame per 2s) were collected per 40 min sample run and initial data 

processing was performed automatically using the EDNA pipeline [47,55], generating radially 

integrated, calibrated and normalized one-dimensional profiles for each frame. All frames were 

compared with the initial frame and matching frames were merged to create the reference buffer 

automatically by the EDNA software. 

Frames with a consistent Rg  from the peak scattering intensity were manually merged to get a single 

averaged frame corresponding to the scattering of SEC purified monomer fraction. Specifically, 20 

frames corresponding to the monomer peak were merged and used for all further data processing and 

model fitting.  

2.2.  SEC purification 

Horse spleen apoferritin was purified as a soluble protein by SEC-SAXS experimental setup. In Fig.1 

two partially resolved peaks represent different fractions of apoferritin in solution. In SEC method 

fractions with higher molecular weight elutes first, therefore peak fraction “B” corresponds to oligomer 

fraction that is in a good agreement with Rg and I(0) data. Peak fraction “A” is the apoferritin monomer 

fraction with high purity and monodispersity that is controlled by Rg data. Frames used for creating the 

idealized SAXS curve correspond the peak monomer fractions with the highest I(0) and absorbance 

(range limited by the vertical dash lines in Fig. 1). However, only 20 peak frames were taken for merging 

due to possible concentration effects that may affect the final curve. Difference in effective 

concentrations and gyration radii between frames used for merging is less than 10%. We note that more 

frames can be used for averaging, although, this will give insufficient effect on the quality of the 

scattering curve. 

Figure 1. The curve of normalized absorbance at λ = 280 nm (blue line) corresponds to effective 

protein concentration, SAXS intensity at zero angle is represented in red dots. Gyration radii are 

represented in purple dots. Gaussian fits of two peaks are coloured in green lines. Vertical dash lines 

represent range of frames used for merging into final SAXS curve of the protein. 
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2.3.  SAS data processing 

Here is a brief description of data treatment, a full description can be found elsewhere, for example, in 

[53]. For monodisperse particles, the scattering intensity is written as: 

2

( ) ( ) ( )I Q S Q F Qn   (1) 

where Q is the scattering vector, n is a concentration, S(q) is the structure factor and F(q) the form factor 

of the proteins. EID method is extrapolation I(q) vs q2 to zero for series of scattering curves for different 

concentrations and gives zero concentration curve free of clustering effects. Scattering volume can be 

determined by [53]: 

2

2
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( )

I
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Q I Q dQ





  (2) 

For shape determination the protein is represented by a set of homogeneous atoms (beads) where the 

difference between the computed scattering and the experimental data is minimized [56]. Algorithm 

considers both scattering intensity pattern and pair-distance distribution function during operation. Best 

models with connectivity are averaged during processing to give the final ab initio model.  

In this investigation integral parameters of apoferritin are calculated by ATSAS and visualised with 

SasView software packages [57,58]. The pair-distance distribution function is obtained with the 

program PRIMUS using GNOM [59]. 3D ab-initio model of apoferritin monomer is calculated by the 

DAMMIF program from the ATSAS-online platform. 

Figure 2. Projections of apoferritin dummy atom models reconstructed from SAXS and SANS data. 

Forward and backward projections and central section of SEC-SAXS, EID SAXS and EID SANS 

dummy atom models are presented as Model 1, Model 2 and Model 3 respectively. Projection of SEC-

SAXS model with overlaid PDB structure (PDB code: 2W0O) is presented. 

It is worth pointing out that we did a number of EID SAXS experiments and only the experiments that 

were done with specific pH and salt conditions gave results similar to those obtained by SEC-SAXS. 

For example, such a good correspondence between Rg obtained from SEC-SAXS and EID SAXS 

became possible only at very specified pH and salt conditions (150 mM NaCl and 5 mM Na2HPO4, pH = 

7.3) [60], but in other experiments the discrepancies in Rg was more than 10%. It proves that if there is 

a sample that is not possible to be measured by SEC-SAXS (for example colloidal or magnetic particles 
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solutions, dendrimers, powders, etc.), it strongly requires a very specific buffer conditions under which 

the aggregation diminishes and it became possible to apply EID SAXS. 

 

3.  Results and Discussion 

Here we compare scattering data obtained by SEC-SAXS method with data obtained by the EID 

method from our previous SAXS and SANS experiments also. The full description of these 

experiments is available in [60]. During the subsequent analysis of scattering data obtained with EID 

method are denoted as EID SAXS and EID SANS data for X-ray and neutron data, respectively. 

3.1.  Core shell model analysis and pair-distribution function 

Dummy atom models calculated during processing the SEC-SAXS curve are shown in Fig. 3 and core 

shell model fit of SAXS curve is shown in Fig. 4. In particular, the scattering curve is fitted by a core 

shell model from SasView program [58] at q-range 0.007-0.305 Å-1 and structural analysis using ATSAS 

package was done [57]. Apoferritin PDB structure (PDB code: 2W0O) was processed by PEPSI-SAXS 

program and fitted to experimental data (Fig. 5) [61]. The results of chi-squared goodness of fit test are 
2 47.6chi  and 2 51.1chi   for SEC-SAXS and EID SAXS models, respectively. We suggest this result 

is mainly due to poor fit in the Q-region near the tails of the curves. Such divergence may correspond 

to higher packing of crystal apoferritin in comparison to apoferritin in solution. PEPSI-SAXS fit is 

presented on Kratky plot (IQ2 vs Q) (Fig. 5) and Guinier plot (ln(I) vs Q2) (Fig. 6). The radius of gyration 

and scattering volume of apoferritin were directly estimated with PRIMUS. Comparing the previous 

results obtained by SANS and SAXS EID [60] and SEC-SAXS, it is shown that parameters such as 

radius of gyration, inner and outer radii are almost the same for both methods. However, the scattering 

volume gives different results for all models. Possible reasons of the difference obtained in SANS and 

SAXS experiments may be caused by the hydration shell, which is not detected by SANS, or because 

of hydrogen/deuterium exchange or sample impurities, for example, as reported in [62]. In any case, the 

difference between inner radii of apoferritin obtained by SAXS and SANS is similar to the difference 

between outer radii obtained by SAXS and SANS (~2.5 Å). This fact could imply that the same reasons 

are responsible for the difference in inner and outer apoferritin compartments. Difference in volumes 

obtained in SAXS EID and SEC-SAXS could occur due to the reasons mentioned above or aggregation 

effects or structural ordering [63]. It is known that the EID method could not exclude oligomerization 

and therefore scattering volume will give overestimated results. 

 

Figure 3. Dummy atom models calculated during processing SEC-SAXS curve used for averaging 

into final model. All intermediate models have nearly spherical form and cavity inside. 
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Figure 4. SEC-SAXS scattering curve is presented in blue dots, a curve of core shell model fit is 

presented in green line. Q-range is 0.006 – 0.2 1/Å 

 

Figure 5. Kratky plot (IQ2 versus Q) of SEC-SAXS and EID SAXS curves overlaid with PEPSI-

SAXS fit. Blue dots represent EID, red dots – SEC-SAXS experimental curves. Green curve 

represents PEPSI-SAXS fit of experimental curves. Curves presented within the Q-range 0.01 - 0.175 

1/Å. 
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Figure 6. Intensity (A) and Guinier (B) and pair-distance plots of SEC-SAXS (red dots) and EID 

SAXS (blue dots) are presented and overlaid with CRYSOL fit (green line). Curves presented on 

Intensity plot (A) within Q-range 0.02 – 0.175 1/Å. Curves on Guinier plot (B) (ln(I) versus Q2) are 

presented within Q-range 0.01 – 0.035 1/Å, that includes Q-region corresponding to QRg < 1 

condition. Distance distribution functions (C) of corresponding SEC-SAXS (green line) and EID 

SAXS (blue line) curves are presented. 

 

The pair-distance distribution function P(r) was obtained by indirect Fourier transformation of 

apoferritin experimental SAXS data using GNOM program and is shown in Fig. 6. This function allows 

the calculation of the largest dimension in a particle. In particular, for apoferritin monomer Dmax is 120 

Å that almost corresponds to the outer diameter in terms of spherical shell model (D = 123 Å) and 

previously obtained results (D = 125 Å). We assume that the difference between Dmax and D could 

appear because apoferritin shell is not completely spherical in solution as it is not completely rigid. 

3.2.  Core dummy atom model analysis 

Projections of apoferritin low-resolution 3D models are shown in Fig 2. All presented models have 

almost spherical surfaces with cavities that corresponds to the literature data [62] and PDB structure 

(2W0O). Dummy atom model obtained by SEC-SAXS corresponds to PDB (Fig. 2). Models obtained 

by EID SAXS and SANS demonstrate statistical artefacts of data analysis process (cavities in surface). 

The difference to the data between the fit of the full sphere and a sphere with the hole to the data is 

minimal. The hole is a statistical result of the random seed. In any models with the holes during the 

merging process the hole will be align and persist. Despite PEPSI-SAXS fit for both SEC-SAXS and 

EID SAXS data results in similar curves and both curves lead to almost similar gyration radius, the 1D 

curves show slight difference and predict different scattering volume. We think this difference may 

show that SEC-SAXS is better for excluding clustering effects than EID SAXS and SEC-SAXS does 

not match the scattering volume (predicted by PEPSI-SAXS) because PEPSI-SAXS does not take into 

account thermal fluctuations of apoferritin under native conditions. We also note that the SAXS dummy 

atom model predicts slightly larger outer radii and scattering volume than the SANS model. It might be 

explained by deuterium substitution effect and difference in scattering densities obtained by SAXS and 

SANS [53]. 

Conclusion 

We have determined a 3D ab initio model of apoferritin using SEC-SAXS and compared this model 

with PDB and models obtained with EID SAXS and EID SANS. Both EID and SEC-SAXS methods 

give representatives and complementary results, so whenever possible SEC-SAXS should be undertaken 

as well as EID (for higher concentrations) and comparisons of the data should be made to validate the 

data analysis process and increase confidence in the models and conclusions made from the data. We 

assume that data obtained by SEC-SAXS may be more suitable than EID SAXS data for making SAXS 

combined with X-ray diffraction or cryo-EM data analysis. 
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