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Small-angle X-ray scattering (SAXS) can provide accurate structural informa-

tion and low-resolution shapes of macromolecules in solution. The technique is

particularly amenable to large protein assemblies, which produce a strong

scattering signal. Hence, SAXS can be a powerful tool to elucidate quaternary

structure, especially when used in combination with high-resolution structural

techniques such as X-ray crystallography and NMR. Sample requirements for

SAXS experiments are stringent and only monodispersed samples can be

satisfactorily analysed. Often, it is not possible to obtain a stable monodispersed

sample of the protein of interest, in particular for multi-subunit protein

complexes. In these circumstances, when the complex is less than approximately

1 MDa, size exclusion chromatography (SEC) coupled with SAXS (SEC-SAXS)

can facilitate the separation of monodispersed protein from a polydispersed

sample for a sufficient amount of time to collect useful SAXS data. However,

many very large multi-subunit macromolecular assemblies have not been

successfully purified with SEC, and hence despite being well suited to SAXS

there is often no way to produce sample of sufficient quality. Rather than SEC,

differential ultracentrifugation (DU) is the method of choice for the final step in

the purification of large macromolecular protein complexes. Here, a new

method is described for collecting SAXS data on samples directly from the

fractionated elution of ultracentrifuge tubes after DU. It is demonstrated using

apoferritin as a model protein that, like SEC-SAXS, DU-coupled SAXS can

facilitate simultaneous purification and data collection. It is envisaged that this

new method will enable high-quality SAXS data to be collected on a host of

large macromolecular protein complex assemblies for the first time.

1. Introduction

Despite the rapid advance of structural biology over the past

few decades, elucidating the structural details of very large and

flexible biological complexes remains a major challenge, in

part because of their resistance to crystallization. Electron

microscopy (EM) is the primary method used to structurally

characterize large complexes, and three-dimensional recon-

structions have led to some spectacular breakthroughs in our

understanding of protein superstructures (Fujii et al., 2010; Liu

et al., 2010; Schraidt & Marlovits, 2011; Zhang et al., 2010).

Small-angle X-ray scattering (SAXS) is another method that is

not restricted to small or rigid macromolecules and can readily

be utilized for structural characterization of complexes with

maximum dimensions (Dmax) of well over 1000 Å. It is a

solution-based method that provides structural data including

radius of gyration (Rg), Dmax, shape, molecular weight and

hence oligomeric state. This information can be used in
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combination with other structural techniques such as NMR,

X-ray crystallography and cryo-EM to give important insights

into the structure and function of biomolecules. For example,

as a solution-based method SAXS can help to determine the

absolute dimensions and verify domain organization in

multidomain proteins (Petoukhov & Svergun, 2013). In

addition, SAXS can provide some advantages over EM for

structural characterization of very large biological complexes,

as data processing is relatively quick without the requirement

for categorizing and averaging hundreds or thousands of

single particles for three-dimensional reconstructions, and as a

solution-based method SAXS can provide details on structural

dynamics (Blanchet & Svergun, 2013).

Sample requirements for SAXS are stringent, with a

monodispersed sample a pre-requisite of a successful SAXS

experiment (Jacques & Trewhella, 2010). Traditionally, this

precluded the possibility of collecting data from samples

existing in equilibrium with several oligomeric states or from

samples prone to rapid aggregation. The development of high-

intensity X-rays and fast detectors at synchrotron light sources

facilitated the development of inline purification methods

where X-ray scattering data are collected from the elution of

purification columns in real time. In particular, the develop-

ment of inline size exclusion chromatography (SEC) SAXS

(SEC-SAXS) experiments provided a means to collect inter-

pretable scattering data from monodispersed fractions that

were extracted from a polydispersed sample. This major

breakthrough has enabled the study of specific multimeric

protein states that only exist in equilibrium and of proteins

that are prone to rapid aggregation, and remains the gold

standard for obtaining scattering data with well matched

buffer blanks (David & Pérez, 2009; Fujii et al., 2010; Liu et al.,

2010; Schraidt & Marlovits, 2011; Zhang et al., 2010). However,

while SEC is very powerful at the separation of macro-

molecules, there are limited options for purification of very

large protein assemblies that are several megadaltons in size.

Thus, very large protein complexes such as the bacterial

flagella motor (Petoukhov & Svergun, 2013; Thomas et al.,

2006), the type three secretion system (Blanchet & Svergun,

2013; Schraidt et al., 2010), and the nucleosome remodelling

and deacetalase complex (Jacques & Trewhella, 2010; Xue et

al., 1998) often require purification with differential ultra-

centrifugation (DU), which separate samples by exploiting the

rate of sedimentation of a particle through a density gradient.

The migration of the particle is dependent primarily on its

density and hydrodynamic size. DU is able to resolve far larger

particles than SEC, including samples as large as organelles

and even cells (Anderson, 1966). Moreover, since the gradi-

ents can be set up between arbitrary density endpoints to

optimize the separation of specific macromolecules, DU can

offer better separation between large macromolecular

complexes and samples. Despite the advantages of DU, it is

often far harder to extract monodispersed samples of large

biomolecular complexes for light scattering experiments,

which can consist of hundreds or even thousands of subunits.

This is because of intrinsic heterogeneity in the number of

subunits in a functional complex and the fact that subcom-

ponents are often unstable, rapidly resulting in polydispersed

samples. One solution is to combine the fractionation of

samples by ultracentrifugation methods with simultaneous

acquisition of light scattering data, which has been successfully

achieved with multi-angle laser light scattering (Hanselmann

et al., 1995).

Here we describe a new technique, DU-SAXS, that

combines the purification of large protein complexes by

differential ultracentrifugation with sucrose gradients and

simultaneous SAXS data collection and analysis. We envisage

that this will facilitate the collection of interpretable SAXS

data from polydispersed samples of large biological super-

structures for the first time.

2. Experimental setup

2.1. Apoferritin as a model protein for DU-SAXS

We chose to use equine spleen apoferritin (Sigma–Aldrich)

as a model protein complex on which to collect DU-SAXS

data. Ferritin is a ubiquitous iron storing and processing

protein. It consists of a spherical shell of 24 protein subunits

(2H and 22L subunits) with a combined molecular weight of

443 kDa (Ford et al., 1984), and when loaded, the protein shell

contains an iron core. Apoferritin refers to the protein in the

absence of an iron core. This forms a hollow spherical protein

shell, which should produce a characteristic ‘bouncing ball’

diffraction pattern (Kim et al., 2011). Moreover, apoferritin is

large enough for separation by DU but still small enough for

conventional SEC columns, which allows us to perform direct

comparisons between DU-SAXS and SEC-SAXS.

2.2. Differential ultracentrifugation

Consistent and linear 15–35% sucrose gradients in 20 mM

Tris–HCl and 250 mM NaCl pH 8.0 were produced as follows.

Clear ultracentrifuge tubes (Seaton, 12 ml) were placed in a

step marker block, which is used to consistently mark the

halfway point of a 12 ml gradient. First, 6.5 ml of 15% sucrose

solution was added to ultracentrifuge tubes, and then 35%

sucrose solution was injected at the bottom of the tube using a

10 ml syringe with a cannula needle until the 35% solution

reached the halfway point of the 12 ml tube (6 ml). To ensure

the gradients had an identical volume, an inverted rubber cap

with a small hole in it was then placed on top of the tube. As

the cap was placed in the tube the small excess of 15% sucrose

solution was displaced up through the hole and removed with

a tissue. Tubes were then placed in a metal apparatus that was

secured magnetically to a plate on a Gradient Station

(Biocomp, Fredericton, NB, Canada), which is an integrated

apparatus that performs gradient making and fractionation. A

standard program to make a linear 15–35% sucrose gradient

was selected, which tilts the tubes 81.5� then rotates for 1 min

54 s before returning slowly to an upright position. The two

tubes were then left at 277 K for 1 h before layering on top of

the gradient either 100 ml of 10 mg ml�1 apoferritin, which was

prepared with an overnight dialysis against buffer consisting of

20 mM Tris–HCl and 250 mM NaCl pH 8.0, or buffer only to
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create a balance and an identical gradient to act as a buffer

blank. Samples were separated by centrifugation for 3 h at

38 000 r min�1 in an SW 41 Ti rotor (178 000g).

2.3. DU fractionation coupled with SAXS data acquisition

After ultracentrifugation, the entire sucrose gradient was

eluted from the ultracentrifuge tube using the Gradient

Station. Tubes were immobilized in a tube holder attached to

the Gradient Station, above a halogen light source, which

illuminates the tube and allows visualization of discrete

protein bands. In the case of apoferritin a distinct band was

observed around 3 cm from the top of the tube. A piston is

positioned directly above the tube and attached to a motor

that allows the piston to be lowered into the tube at finely

controlled speeds from 0.02 to 6.5 mm s�1. Translation of the

piston into the tube causes sample to be displaced through a

hole in the centre of the piston. The tip of the piston is trumpet

shaped. This efficiently compresses horizontal discs of samples

into vertical columns, which can be collected through tubing

attached to the top of the piston (Fig. 1). For inline SAXS

experiments, the piston was lowered at 0.09 mm min�1, which

corresponds to a flow rate of 0.83 ml min�1. Sample was piped

directly into a temperature-controlled 1.5 mm quartz capillary

at 293 K, through which monochromatic X-rays were passed

at 11 KeV with a flux of 4 � 1012 photons per second. SAXS

data were collected with exposure times of 5 s on a Pilatus 1M

photon counting detector (Dectris, Baden, Switzerland),

which was set at 1.48 m from the sample capillary. This allowed

data collection within a q range of 0.01–0.5 Å�1. Currently,

coordination between lowering of the piston and X-ray and

detector shutters is not automated and the descent of the

plunger needs to be initiated manually.

3. Data processing

3.1. Software

Data reduction was performed using a beamline-specific

software package known as scatterBrain (Australian Syn-

chrotron, Clayton Australia, https://www.synchrotron.org.au/

aussyncbeamlines/saxswaxs/software-saxswaxs). Data proces-

sing including averaging, scaling, subtractions, indirect Fourier

transforms and ab initio shape restorations were performed

with programs within the ATSAS suite (Konarev et al., 2006)

including PRIMUS (Konarev et al., 2003) and GNOM

(Svergun, 1992).

3.2. Obtaining initial estimations of buffer subtractions

One primary challenge in processing SAXS data is

obtaining a well matched buffer sample. One of the advan-

tages of SEC-SAXS with a well equilibrated column is that the

buffer scattering is essentially constant over time, and the

method is relatively insensitive to mismatch between the

sample and running buffer, which is usually resolved by the

column. However, for DU-SAXS the solvent scattering

intensity changes continually and significantly during the

measurement, since the eluted sample consists of an increasing

concentration of sucrose, for example. Thus, for DU-SAXS a

different and well matched buffer sample is required for each

frame. To address this we collected SAXS data on a blank

sucrose gradient for each sample. The blank was treated

identically and was used as a balance for ultracentrifugation

runs, but did not contain sample. By aligning frames between

the blank and sample we should be able to obtain scattering

from buffer that is well matched to the sample. There were two

requirements for this. First, since sample fractionation was not

coordinated with the X-ray and camera shutters, the frame

indices between sample and buffer were offset by a constant

amount of time, which had to be determined. Second, it was

critical to ensure that the sucrose fractionation was identical

between sample and blank tubes. Thus, scattering intensities

were plotted in a q range between 0.2 and 0.3 Å�1 for both the

sample and blank runs, where the signal was dominated by

solvent scattering, and then a one-dimensional search was

performed to determine a reasonable estimate of the offset by

minimizing the residual between sample and blank plots.

Fig. 2(a) illustrates that, by shifting the buffer frames by the

estimated offset, a plot of averaged intensity of buffer and

sample frames was approximately linear and overlay well. This

indicates that the gradient fractionation was consistent

between the sample and buffer tubes and hence that it was

possible to obtain an accurate buffer subtraction from the

blank tube. Notably, frames collected in the first 100 s typically

contained air or residual water from cleaning the system,

which is expelled when the piston reaches the sucrose

gradient, and these frames are ignored during analysis.

3.3. SAXS data collection from apoferritin purified with
differential ultracentrifugation

With this initial estimation of the time offset between

sample and buffer frames we were able to perform frame-by-

frame buffer subtractions. Since the exposure times are of the

order of seconds, a correct buffer match for any given sample

frame will normally correspond to an intensity profile that lies

in between two buffer frames. Hence, the correctly matched

buffer for any given sample frame also lies in between two

buffer frames. In this case, to obtain a matching buffer, we

calculated an intermediate buffer frame according to the

following formula:

IðqÞbuffer ¼ f IðqÞbufferðiÞ þ ð1� f ÞIðqÞBufferðiþ1Þ; ð1Þ
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Figure 1
Schematic depiction of experimental setup.



where I(q) is the intensity as a function of q for a particular

buffer frame, i refers to the frame number and f refers to the

fraction in between two buffer frames that the sample frame

corresponds to. Once an appropriate buffer subtraction had

been performed, Rg and I(0) values were determined for each

frame. This process was automated where possible with the

program AUTORG (Petoukhov et al., 2007). By plotting these

data over time, the apoferritin elution profile and the mono-

dispersity of the protein after DU fractionation could be

visualized (Fig. 2b). The elution profile illustrates a mono-

dispersed apoferritin elution peak that is well separated from

higher molecular weight species. This clearly illustrates the

ability of DU-SAXS to facilitate data collection on sub-
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Figure 2
The procedure used to obtain an initial estimate for the offset is depicted in (a). Average scattering intensities at high q (0.2 < q < 0.3 Å�1) are shown as a
black bold line for the elution of tubes containing sample and red solid circles for tubes containing buffer only. A one-dimensional search was performed
to minimize the residual between sample and buffer frames (black open squares), resulting in a left-shifted buffer-only curve, which is depicted as open
red circles. The corresponding I(0) and radius of gyration values are plotted in (b). The ratio of low-q (0.01 < q < 0.05 Å�1) to high-q (0.15 < q < 0.25 Å�1)
data is plotted as a function of concentration in mg ml�1 at different buffer offsets in (c). The concentration was calculated from the estimated I(0) and
scattering contrast. The scattering profile from five different frames from the left side of the sample elution peak are displayed in (d), offset from each
other for clarity, along with corresponding Guinier plots. Data are from five frames leading up to the peak frame in the following order: [purple] =
0.049 mg ml�1 < [green] = 0.065 mg ml�1 < [red] = 0.078 mg ml�1 < [blue] = 0.086 mg ml�1 < [black] = 0.090 mg ml�1.

populations of monodispersed protein from a polydispersed

sample.

3.4. Fine tuning the buffer subtraction

If the structure of the sample is constant, ideal buffer

subtractions should result in scattering profiles that are iden-

tical in shape and scale as a function of concentration. To

determine whether buffer subtractions were optimal, we

characterized the ratio of average scattering intensity at low

scattering angles (q range 0.011–0.050 Å�1) to that at medium

scattering angles (q range 0.15–0.25 Å�1). This ratio is a simple

one-parameter measure of the shape of the scattering pattern,

which facilitates simple analysis of the accuracy of background

subtraction. Binning into relatively wide q ranges greatly

improves the statistical precision relative to comparing indi-

vidual points in raw scattering patterns. The q ranges used to

determine low-q to high-q scattering intensity ratios can be

selected somewhat arbitrarily but should cover the q range

and dynamic range of the measurement needed for structure

analysis. The ratio of low-q to high-q scattering intensity varies

from protein to protein since each has a uniquely shaped

scattering curve. To account for this, the raw ratio of low-q to

high-q scattering for each concentration and background

offset was normalized to the observed ratio at the highest

concentration. For samples with correctly matched buffer

subtractions, this normalized ratio should be constant, equal to

one and independent of sample concentration. However, if

backgrounds are oversubtracted this ratio becomes increas-

ingly larger than one or negative at lower concentrations, since

the subtracted high-q intensity will be artificially low or

negative, respectively. Conversely, if the background is



undersubtracted, the subtracted high-q intensity will be arti-

ficially high and hence the normalized ratio of low-q to high-q

intensities should be less than one and decrease with

concentration. The slope of the normalized ratio with

concentration increases with the magnitude of under-

subtraction. We used this method to refine the accuracy of our

initial estimates of the buffer offset time, which necessarily

neglects the small but nonzero contribution of the protein to

unsubtracted high-q scattering. We interpolated offsets at 0.1

frame iterations (i.e. 0.5 s) around the initial estimates and

plotted the resulting normalized low:high-q average scattering

intensity ratio as a function of sample concentration to

determine the offset that resulted in a ratio that was inde-

pendent of sample concentration (Fig. 2c). This allowed us to

determine the precise offset between buffer and sample

acquisition times to be 113.6 � 0.25 s. As a further indication

of the buffer match for each frame, we plotted the scattering

profile from a concentration series obtained from five frames

on the left hand side of the elution peak from DU-SAXS.

Fig. 2(d) shows that scattering profiles and Guinier plots

(Guinier, 1938) [ln(I) versus q2] to qRg > 1.3 are consistent

across different concentrations, providing more evidence that

buffers were correctly matched for each frame and that

samples were monodispersed.

4. Data analysis

4.1. Comparison with crystal structure of apoferritin

Ten frames with consistent Rg values across the DU-SAXS

elution peak (Figs. 2a and 2b, blue) were averaged and used

for the following data analysis. The scattering profile exhibits a

‘bouncing ball’ diffraction pattern (Fig. 3a) and in real space a

right-shifted interatomic distance distribution in the P(r)

curve (Fig. 3b). These data are consistent with diffraction from

a hollow sphere, which is the expected shape of apoferritin.

We directly compared the shape of equine spleen apoferritin

collected from DU-SAXS with the crystal structure of

apoferritin from the same source. To do this in reciprocal

space, we first calculated the theoretical diffraction profile of

the crystal structure of equine spleen apoferritin (PDB ID

1ier; Granier et al., 1997) with CRYSOL (Svergun et al., 1995).

The theoretical scattering pattern overlays with the experi-

mental scattering profile from DU-SAXS remarkably well

(Fig. 3a). We also generated ab initio shape restorations from

the experimental DU-SAXS data to compare the DU-SAXS

and crystal structures in real space. Twenty independent shape

restorations were performed with the software DAMMIN

(Svergun, 1999), which all produced similar hollow spheres.

Fig. 3(c) depicts the crystal structure docked into the averaged

shape restoration calculated with DAMAVER (Volkov &

Svergun, 2003). This illustrates that the DU-SAXS data were

able to independently determine the shape of apoferritin with

remarkable accuracy.

4.2. Comparison between DU-SAXS and SEC-SAXS

Although large enough to be amenable to DU-SAXS,

apoferritin is sufficiently small to run on a commercially

available size-exclusion chromatography column. Thus we

were able to perform a direct comparison between the more

conventional inline SEC-SAXS method that is established at
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Figure 3
Data analysis of DU-SAXS samples. The scattering profile of buffer-
subtracted data averaged over ten frames with consistent Rg values is
shown in (a) overlayed with the theoretical scattering profile calculated
with CRYSOL from the crystal structure of 1ier in red. Errors are in
standard deviations. (b) An indirect Fourier transform of this plot
resulting in the interatomic distance distribution with a left-shifted peak.
These data were used to generate 20 ab initio shape restorations, which
were aligned and averaged, resulting in the hollow sphere shown in (c)
with the crystal structure of apoferritin docked into the shape.



many synchrotrons and the DU-SAXS method. We loaded the

same volume and concentration of apoferritin that was used in

the DU-SAXS experiments (100 ul 10 mg ml�1 dialysed

apoferritin) onto a 23 ml S200 size exclusion chromatography

column (GE Healthcare).

With experimental time at a synchrotron radiation source

rare and costly, an important consideration is the amount of

time required for each experiment. The exposure times for

SEC-SAXS were also 5 s; however, the flow rate was slower at

0.5 ml min�1, which resulted in a run time of close to an hour,

and re-equilibrating SEC columns in new buffers normally

requires at least an additional hour. In comparison, the DU-

SAXS tube volume was around 12 ml and data acquisition

occurred in less than half the time, with an additional blank

tube required for each buffer condition. Since only a single

blank tube is required for each buffer condition and several

blank tubes can be made in parallel, the data acquisition time

for DU-SAXS was substantially quicker than that for SEC-

SAXS.

4.2.1. Calculation of protein concentration. The zero-angle

scattering [I(0)] and protein concentrations were calculated

for each frame using the software AUTORG (Petoukhov &

Svergun, 2013). To estimate protein concentration from I(0)

the relative contrast of protein, which should be lower in

buffer containing sucrose, is accounted for with the following

equation:

c ¼
NAIð0Þ

MW ��2 r2
�

; ð2Þ

where c is the concentration in g cm�3, NA = 6.023 �

1023 mol�1 is Avagadro’s number, MW = 44 0000 g mol�1 is

the molecular weight of apoferritin, ro = 2.8179 � 10�13 cm is

the scattering length of an electron (Mylonas & Svergun,

2007) and �� is the protein scattering contrast in the parti-

cular buffer, which is constant for SEC-SAXS but changes

according to sucrose concentration for the DU-SAXS data

sets. �� is defined as

�� ¼ eM protein � ðesolvent�Þ: ð3Þ

eM protein = 3.22 � 1023 e g�1 is the number of electrons per dry

mass of proteins. � = 0.743 is the partial specific volume of

apoferritin and esolvent is the number of electrons per volume of

solvent (e cm�3), which is defined as

esolvent ¼ @NaCl þ @sucrose: ð4Þ

Here @NaCl = 4.20 � 1021 e cm�3 is the number of electrons per

volume of 250 mM NaCl. @sucrose is the number of electrons per

volume of water solution containing sucrose (e cm�3) and is

defined as

@sucrose ¼ sucrose½ �esucrose þ ð1� sucrose½ �Þewater: ð5Þ

Here [sucrose] is the sucrose concentration in %(w/v). ewater =

2.68 � 1023 e cm�3 is the number of electrons per unit volume

in pure water and esucrose = 5.10� 1023 e cm�3 is the number of

electrons per unit volume of 100% sucrose, which was calcu-

lated from the relative density of sucrose.

4.2.2. Contrast and concentration of sample. The elution

profiles from DU-SAXS and SEC-SAXS are plotted versus

volume in Fig. 4(a). Lower molecular weight proteins elute

first and last from DU and SEC fractionation, respectively, and

both methods were able to resolve monodispersed protein

from a polydispersed sample. The width of the elution volume

of monodispersed protein is similar for DU-SAXS and SEC-

SAXS, with a width at half-maximum height of around 1 ml. In

these conditions, scattering intensities were weaker in data

collected from DU-SAXS, which is reflected in lower I(0)

scattering intensities in the peak DU-SAXS frames compared

with the peak SEC-SAXS frames. This was due to the lower

contrast of protein in buffer containing sucrose. In the peak

elution fraction, the sucrose concentration was 22.0%(w/v),

which with 250 mM NaCl results in a protein scattering

contrast of �� = 1.86 � 1023 e cm�3 compared with �� =

2.21 � 1023 e cm�3 in 250 mM NaCl alone. Comparison of the

buffer-subtracted scattering profiles from the peak frames

from DU-SAXS and SEC-SAXS (Fig. 4b) illustrates how the

reduced contrast in the presence of sucrose has resulted in

marginally larger errors. However, the concentration of
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Figure 4
Comparison between DU-SAXS and SEC-SAXS. Data in black and blue
are from DU-SAXS and SEC-SAXS, respectively. Elution profiles are
shown in (a). Bold squares depict automatically determined I(0), open
circles show protein concentration estimated from I(0) and calculated
contrast, and the line shows the average I(q) for 0.011 < q < 0.050 Å�1. (b)
compares subtracted scattering profiles from DU-SAXS and SEC-SAXS.



protein from DU-SAXS is higher, indicating that in these

conditions DU-SAXS can produce tighter and more distinct

elution profiles than SEC, resulting in less dilute samples.

Furthermore, it is trivial to create steeper sucrose gradients,

which should sharpen elution peaks and further increase

protein concentration. Adjusting sucrose gradients can be

done offline as the sedimentation of the protein can be

observed optically.

5. Conclusions

We have created a new DU-SAXS system that allows simul-

taneous purification from a DU gradient and SAXS data

collection. In addition, since the solvent for each sample frame

contains an increasing concentration of viscous material, we

also determined a method for obtaining optimal solvent

blanks for buffer subtraction that are specifically matched to

each sample frame. Using apoferritin as a model protein, we

have demonstrated the utility of DU-SAXS to simultaneously

purify fresh monodispersed protein and collect high-quality

SAXS data of large protein complexes that correctly describe

the shape of the protein in solution. We envisage that DU-

SAXS will make it possible to perform solution structural

analysis of macromolecular protein complexes that are several

megadaltons in size, which can only be purified with DU.
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