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Why use SEC-SAXS?

• Exact buffer match


• Remove aggregates


• Confirm monodispersity


• Separate mixtures


• Computationally deconvolve 
overlapping peaks

• Usually uses more material, 
takes longer, dilutes the sample


• Buffer is fixed (no titrations)


• Protein concentration varies 
(issue for weak complexes)


• Radiation damage can 
compromise experiment

Pros Cons
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Fig 7.3. Diagrammatic representation of Vt and Vo. Note that Vt – Vo will include the volume of the solid material which forms 
the matrix (Fischer, L. Laboratory Techniques in Biochemistry and Molecular Biology. Vol. 1 part II. An Introduction to Gel 
Chromatography. North Holland Publishing Company, Amsterdam. Reproduced by kind permission of the author and publisher).

Since (Vt – Vo) includes the volume of the matrix that is inaccessible to all solute molecules, Kav 
is not a true partition coefficient. However, for a given medium there is a constant ratio of Kav:Kd 
which is independent of the nature of the molecule or its concentration. Kav is easily determined 
and, like Kd, defines sample behavior independently of the column dimensions and packing. 
Other methods of normalizing data give values that vary depending upon how well the column 
is packed. The approximate relationships between some of these terms are shown in Figure 7.4.
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Fig 7.4. Relationship between several expressions used for normalizing elution behavior.

Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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Chapter 2  
Liquid chromatography systems and 
important considerations

A number of benefits can be derived from using an automated protein purification system.  
Such a system: 

• Ensures more controlled conditions and reproducible results

• Purifies proteins automatically without the need for user interactions during the run

• Allows sensitive samples to be purified more efficiently

• Allows use of high-resolution media

• Provides inline detection that helps in making decisions, for example, when the column has 
become equilibrated, when to collect fractions, etc.

• Allows automated collection of purified protein in small or large volumes

• Uses software that makes it easy to create methods, monitor runs, and evaluate results

Protein separation takes place in a column. Buffers and other liquids are delivered via the 
system pump, and sample can be applied in different ways (e.g., using a syringe to fill a sample 
loop or by using a sample pump). Detectors (e.g., UV/Vis absorbance, conductivity, pH) are 
placed after the column to monitor the separation process. The purified proteins are collected 
in the fraction collector. Figure 2.1 shows a typical system’s flow path.

UV/Vis absorbance

Column

Tubing

Sample

Mixer

Pumps

Buffers/
solutions

Fraction collector

pH Conductivity

Injection valve

Fig 2.1. Typical flow path for a chromatography system.

SEC column

Sample injection loop

Pump

Buffer

UV, conductivity sensors

Size exclusion chromatography (SEC) setup

“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.



Physical separation by SEC
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Chapter 2 
Superdex: for high resolution,  
short run times, and high recovery

Superdex are SEC media consisting of a composite base matrix of dextran and agarose 
(Fig 2.1). This matrix combines the excellent SEC properties of cross-linked dextran with the 
physical and chemical stabilities of highly cross-linked agarose, to produce a separation medium 
with outstanding selectivity and high resolution. In addition, its low nonspecific interaction 
permits high recovery of biological material. Together these properties make Superdex an 
excellent choice for all applications from laboratory to process scale.

Dextran

Cross-linked agarose

Fig 2.1. A schematic section of a Superdex particle. In Superdex, the dextran chains are covalently linked to a highly 
cross-linked agarose matrix.

Superdex Increase is the next generation Superdex medium and has improved performance 
even further by providing increased resolution and shorter run times. This is achieved by 
using a high-flow agarose base matrix, which has higher flow/pressure tolerance, smaller 
bead size, and narrower particle size distribution. Figure 2.2 shows the fractionation ranges 
for all variants of Superdex media.

Superdex Peptide

Superdex 75

Superdex 200

Superdex 30 prep grade

Superdex 75 prep grade

Superdex 200 prep grade

Superdex 200 Increase

10M 2
r 10 3 10 4 10 5 10 6

Fig 2.2. Fractionation ranges for Superdex.
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Fig 1.1. Process of SEC. (A) Schematic picture of a bead with an electron microscopic enlargement. (B) Schematic 
drawing of sample molecules diffusing into bead pores. (C) Graphical description of separation: (i) sample is applied on 
the column; (ii) the smallest molecule (yellow) is more delayed than the largest molecule (red); (iii) the largest molecule is 
eluted first from the column. Band broadening causes significant dilution of the protein zones during chromatography.  
(D) Schematic chromatogram.

Group separation
SEC is used in group separation mode to remove small molecules from a group of larger 
molecules and as a fast, simple solution for buffer exchange. Small molecules such as excess 
salt or free labels are easily separated from larger molecules. Samples can be prepared for 
storage or for other chromatography techniques and assays. SEC in group separation mode is 
often used in protein purification schemes for desalting and buffer exchange. Sephadex G-10, 
G-25, and G-50 are used for group separations. Large sample volumes, up to 30% of the total 
column volume (packed bed), can be applied at high flow rates using broad, short columns. 
Figure 1.2 shows the chromatogram (elution profile) of a typical group separation. Large 
molecules are eluted in or just after the void volume, Vo, as they pass through the column at the 
same speed as the flow of buffer. For a well-packed column, Vo is equivalent to approximately 
30% of the total column volume. Small molecules such as salts that have full access to the 
pores move down the column, but do not separate from each other. These molecules usually 
elute just before one total column volume, Vt, of buffer has passed through the column. In this 
case the proteins are detected by monitoring their UV absorbance, usually at 280 nm, and the 
salts are detected by monitoring the conductivity of the buffer.
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• Small objects diffuse in the pores → run slowly / elute last
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.

flow

16   18-1022-18 AL

Fig 1.1. Process of SEC. (A) Schematic picture of a bead with an electron microscopic enlargement. (B) Schematic 
drawing of sample molecules diffusing into bead pores. (C) Graphical description of separation: (i) sample is applied on 
the column; (ii) the smallest molecule (yellow) is more delayed than the largest molecule (red); (iii) the largest molecule is 
eluted first from the column. Band broadening causes significant dilution of the protein zones during chromatography.  
(D) Schematic chromatogram.

Group separation
SEC is used in group separation mode to remove small molecules from a group of larger 
molecules and as a fast, simple solution for buffer exchange. Small molecules such as excess 
salt or free labels are easily separated from larger molecules. Samples can be prepared for 
storage or for other chromatography techniques and assays. SEC in group separation mode is 
often used in protein purification schemes for desalting and buffer exchange. Sephadex G-10, 
G-25, and G-50 are used for group separations. Large sample volumes, up to 30% of the total 
column volume (packed bed), can be applied at high flow rates using broad, short columns. 
Figure 1.2 shows the chromatogram (elution profile) of a typical group separation. Large 
molecules are eluted in or just after the void volume, Vo, as they pass through the column at the 
same speed as the flow of buffer. For a well-packed column, Vo is equivalent to approximately 
30% of the total column volume. Small molecules such as salts that have full access to the 
pores move down the column, but do not separate from each other. These molecules usually 
elute just before one total column volume, Vt, of buffer has passed through the column. In this 
case the proteins are detected by monitoring their UV absorbance, usually at 280 nm, and the 
salts are detected by monitoring the conductivity of the buffer.
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Fig 1.1. Process of SEC. (A) Schematic picture of a bead with an electron microscopic enlargement. (B) Schematic 
drawing of sample molecules diffusing into bead pores. (C) Graphical description of separation: (i) sample is applied on 
the column; (ii) the smallest molecule (yellow) is more delayed than the largest molecule (red); (iii) the largest molecule is 
eluted first from the column. Band broadening causes significant dilution of the protein zones during chromatography.  
(D) Schematic chromatogram.

Group separation
SEC is used in group separation mode to remove small molecules from a group of larger 
molecules and as a fast, simple solution for buffer exchange. Small molecules such as excess 
salt or free labels are easily separated from larger molecules. Samples can be prepared for 
storage or for other chromatography techniques and assays. SEC in group separation mode is 
often used in protein purification schemes for desalting and buffer exchange. Sephadex G-10, 
G-25, and G-50 are used for group separations. Large sample volumes, up to 30% of the total 
column volume (packed bed), can be applied at high flow rates using broad, short columns. 
Figure 1.2 shows the chromatogram (elution profile) of a typical group separation. Large 
molecules are eluted in or just after the void volume, Vo, as they pass through the column at the 
same speed as the flow of buffer. For a well-packed column, Vo is equivalent to approximately 
30% of the total column volume. Small molecules such as salts that have full access to the 
pores move down the column, but do not separate from each other. These molecules usually 
elute just before one total column volume, Vt, of buffer has passed through the column. In this 
case the proteins are detected by monitoring their UV absorbance, usually at 280 nm, and the 
salts are detected by monitoring the conductivity of the buffer.
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Group separation
SEC is used in group separation mode to remove small molecules from a group of larger 
molecules and as a fast, simple solution for buffer exchange. Small molecules such as excess 
salt or free labels are easily separated from larger molecules. Samples can be prepared for 
storage or for other chromatography techniques and assays. SEC in group separation mode is 
often used in protein purification schemes for desalting and buffer exchange. Sephadex G-10, 
G-25, and G-50 are used for group separations. Large sample volumes, up to 30% of the total 
column volume (packed bed), can be applied at high flow rates using broad, short columns. 
Figure 1.2 shows the chromatogram (elution profile) of a typical group separation. Large 
molecules are eluted in or just after the void volume, Vo, as they pass through the column at the 
same speed as the flow of buffer. For a well-packed column, Vo is equivalent to approximately 
30% of the total column volume. Small molecules such as salts that have full access to the 
pores move down the column, but do not separate from each other. These molecules usually 
elute just before one total column volume, Vt, of buffer has passed through the column. In this 
case the proteins are detected by monitoring their UV absorbance, usually at 280 nm, and the 
salts are detected by monitoring the conductivity of the buffer.
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“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.



Reading a chromatogram
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Chapter 7 
Size exclusion chromatography in theory

Defining the process
Results from SEC are usually expressed as an elution profile or chromatogram that shows the 
variation in concentration (typically in terms of UV absorbance, for proteins usually at 280 nm) 
of sample components as they elute from the column in order of their molecular size. Figure 7.1 
shows a theoretical chromatogram of a high-resolution fractionation. Molecules that do not 
enter the matrix are eluted together in the void volume, Vo as they pass directly through the 
column at the same speed as the flow of buffer. For a well-packed column, the void volume is 
equivalent to approximately 30% of the total column volume. Molecules with partial access to 
the pores of the matrix elute from the column in order of decreasing size. Small molecules such 
as salts that have full access to the pores move down the column, but do not separate from 
each other. These molecules usually elute just before one total column volume, Vt, of buffer has 
passed through the column.

high
molecular

weight

intermediate
molecular weight

low
molecular

weightsample
injection

equilibration

Absorbance

1 cv

VtVo
void volume Vo
total column volume Vt

Fig 7.1. Theoretical chromatogram of a high-resolution fractionation.

The behavior of each component can be expressed in terms of its elution volume, Ve from 
the chromatogram. As shown in Figure 7.2, there are three different ways of measuring Ve, 
dependent on the volume of sample applied to the column. Ve is the direct observation of the 
elution properties of a certain component.
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Since (Vt – Vo) includes the volume of the matrix that is inaccessible to all solute molecules, Kav 
is not a true partition coefficient. However, for a given medium there is a constant ratio of Kav:Kd 
which is independent of the nature of the molecule or its concentration. Kav is easily determined 
and, like Kd, defines sample behavior independently of the column dimensions and packing. 
Other methods of normalizing data give values that vary depending upon how well the column 
is packed. The approximate relationships between some of these terms are shown in Figure 7.4.
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.

or Time (min)partition coefficient:

V0 Vt

“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.



Globular proteins elute according to log(MW)
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Table A10.2. Characteristics of Gel Filtration Calibration HMW

Protein (weight per vial) Molecular weight (Mr) Source

Ovalbumin (50 mg) 43 000 Hen egg

Conalbumin (50 mg) 75 000 Chicken egg white

Aldolase1 (50 mg) 158 000 Rabbit muscle

Ferritin1 (15 mg) 440 000 Horse spleen

Thyroglobulin (50 mg) 669 000 Bovine thyroid

Blue Dextran 2000 (50 mg) 2 000 000
1 These proteins are supplied mixed with sucrose or mannitol to maintain stability and aid their solubility.

Typical calibration results from chromatographic runs and calculated calibration curves using 
prepacked Superdex columns are shown in Figures A10.1 and A10.2.

The method used for Figures A10.1 and A10.2:

Sample: Proteins from Gel Filtration Calibration Kits LMW and HMW:
 aprotinin (Apr), RNase A (R), carbonic anhydrase (CA), ovalbumin (O), conalbumin (C),  
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  0

100

200

300

400

A280 (mAU)

0 5  10 15 20 25 Vol. (ml)

0.00

0.20

0.40

0.60

0.80

1.00

Mr  logarithmic scale

Kav

0.10

0.30

0.50

0.70

0.90

Ferritin 

Aldolase 

Conalbumin 

Ovalbumin 

Carbonic anhydrase

RNase A 

Aprotinin 

F 

Ald C 

O CA 
R 

Apr 

103 104 105 106
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Table A10.2. Characteristics of Gel Filtration Calibration HMW

Protein (weight per vial) Molecular weight (Mr) Source

Ovalbumin (50 mg) 43 000 Hen egg

Conalbumin (50 mg) 75 000 Chicken egg white

Aldolase1 (50 mg) 158 000 Rabbit muscle

Ferritin1 (15 mg) 440 000 Horse spleen

Thyroglobulin (50 mg) 669 000 Bovine thyroid

Blue Dextran 2000 (50 mg) 2 000 000
1 These proteins are supplied mixed with sucrose or mannitol to maintain stability and aid their solubility.
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10-600 kDa 
(globular proteins)

V ~ B - A*log(MW)

“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.



Column choice for in-line SAXS

GE superdex 10/300, 3.2/300, 5/150

Shodex KW series

Property Options Considerations

Volume analytical scale 
(2.4-24 mL)

• smaller: less dilution, less sample 
needed.


• larger: faster flow, less peak 
broadening.

Length typ. 150-300 mm
• longer: better resolution, TPN 

(“theoretical plate number”)

• shorter: faster flow

Media

Polymer / sugar 
(GE superdex, 

superose)
• Common for protein purification.

• Chemical compatibility

Polymer-coated 
SiO2 (Shodex KW)

• Small bead size → better 
resolution. 


• Buffer pH < 7.5

MW 
range

500-5000 kDa

(superose 6) • Choose range appropriate for 

sample of interest.

• Given range is for globular 

proteins.

10-600 kDa 
(superdex 200)

3-70 kDa 
(supderdex 75)



SEC-SAXS experimental setup

SAXS beam line 
(CHESS G1)

Glass capillary flow cell

X-rays

X-rays

FPLC 
(AKTA Purifier at CHESS G1)



Procedure for data collection
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II: Basic Analysis



Example SEC-SAXS dataset
Bovine Serum Albumin (BSA)

Experimental details
Beamline CHESS G1, Nov. 2015

Sample BSA at 11 mg/mL in 
50 mM HEPES, pH 7.5

Column Superdex 200 
Increase, 3.2/300

Running 
Buffer

50 mM HEPES pH 7.0, 
100 mM NaCl, 5% 
glycerol

Injection 
Volume 50 uL

Flow 
Rate 0.1 mL/minute

Frames 1000 at 2s each

monomer

dimer, 
trimer?



Elution peak (protein scattering)

Example SEC-SAXS dataset
Bovine Serum Albumin (BSA)

Experimental details
Beamline CHESS G1, Nov. 2015

Sample BSA at 11 mg/mL in 
50 mM HEPES, pH 7.5

Column Superdex 200 
Increase, 3.2/300

Running 
Buffer

50 mM HEPES pH 7.0, 
100 mM NaCl, 5% 
glycerol

Injection 
Volume 50 uL

Flow 
Rate 0.1 mL/minute

Frames 1000 at 2s each



SAXS “chromatogram”
Mean intensity, radius of gyration (Rg), forward scattering (I(0))

Use a region before
the main peak for
background subtraction

Rg ~ constant 
in this region

Guinier analysis

Buffer mismatch



Troubleshooting
Issue Possible Causes Experimental solutions

SAXS profile 
does not return 

to baseline

Capillary fouling (X-ray 
damage)

• Attenuate beam or close shutter during aggregate peak

• Buffer additives to reduce damage (3% glycerol, etc)

• Increase flow rate (may require larger column)

Sloping baseline • Fully equilibrate column with running buffer (~2 c.v.)

Rg not constant 
across peak

Interparticle interference • Reduce injection volume or use larger column
Overlapping peaks • (See below)

Overlapping 
peaks

Insufficient resolution

• Verify column health using calibration standard.

• Choose a different column.

• Reduce injection volume.

• Optimize buffer components (pH, salt) to reduce non-specific 

association of protein with media.

Peak broadening • Use a larger column, bypass sensors (UV, cond. etc) between 
column and X-ray cell

Re-equilibration of 
oligomers / aggregation • Optimize conditions (pH, additives, temperature) for stability

Issues can also be addressed computationally, using more advanced analysis



Pérez & Vachette in Biological Small Angle Scattering: Techniques, Strategies and Tips.183–199 (Springer, 2017)

Example of capillary fouling (severe)



III: Advanced Analysis



Theory of SAXS from mixtures
Intensities add in dilute solution

≅ +

≅ +In
te

ns
ity

q

SAXS profiles combine linearly → use methods from linear algebra to deconvolve



Singular value decomposition (SVD)
Method to factor a matrix into components

SEC-SAXS dataset

singular values
singular vectors

along I vs. q
(SAXS profiles)

singular vectors
along I vs. frame
(elution profiles)

A U VT= Sx x

First used in SAXS by Chen, Hodgson, & Doniach. J. Mol. Biol. 261, 658–671 (1996).



whole peak: 3 s.v. first part: 2 s.v. middle part: 1 s.v.

flip sign

Using SVD to select a single component



Basis vectors from SVD are usually non-physical

Sample: Bio-rad chromatography standard 
(thyroglobulin, γ-globulin, ovalbumin, 
myoglobin, vitamin B12)


0 100 200 300 400 500 600
Frame Number

-500

0

500

1000

1500

2000

2500

3000

3500

To
ta

l S
AX

S 
In

te
ns

ity

0

0.1

0.2

Columns of V

0

500

Columns of U

-0.2
-0.1

0

0

50

100

-0.2
-0.1

0
0.1

0
10
20

0
0.1
0.2

0
20
40
60

-0.2
-0.1

0
0.1

0

10

20

-0.2

0

0.2

0
5

10

0 200 400 600
Frame Number

-0.1

0

0.1

10-2 10-1 100

q (Å-1)

0
2
4

First 7 basis vectors

SEC-SAXS, SVD

• Cols. of V (concentration) go negative


• Cols. of V have multiple peaks


• Cols. of U (SAXS profiles) have negative intensity



SVD vs. time shows when new components elute



Evolving factor analysis (EFA)
A powerful method for analyzing the time-dependent SVD

“Forward evolving factors” = singular value spectrum as components are added

First described in: Maeder, M. (1987) Analytical chemistry, 59(3), 527-530.

Inflection points occur whenever a new component elutes from the column.



Evolving factor analysis (EFA)

Inflection points occur whenever a component “leaves” the scattering volume.

“Reverse evolving factors” = singular value spectrum as components are removed



Evolving factor analysis (EFA)

“Peak Windows” are 
determined on the “first in, 

first out” principle



Final step: basis rotation
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Analysis in BioXTAS RAW
EFA

Hopkins, J. B., Gillilan, R. E. & Skou, S. J Appl Crystallogr 50, 1545–1553 (2017).

chromatographic peaks (Maeder, 1987; Maeder & Neuhold,
2007). This method was recently applied to SEC-SAXS data
(Meisburger et al., 2016), and an improved version of the
method described by Meisburger et al. has been implemented
in RAW. EFA in RAW starts with SVD, proceeds by finding
the component start and end points in the evolving factor
plots, and finally rotates the significant singular value vectors
into scattering profiles. RAW implements two new methods
for rotation of the singular vectors besides the iterative
approach of Meisburger et al. (2016). The first is the explicit
calculation method described by Maeder (1987). The second is
a hybrid method that uses the explicit calculation as the seed
for the iterative approach, giving faster convergence of the
rotation. Fig. 5(b) shows the final window of the EFA analysis
in RAW, with extracted scattering profiles from overlapping
peaks. EFA is different from other common deconvolution
techniques, such as those implemented in US-SOMO and
DELA (Brookes et al., 2013, 2016; Malaby et al., 2015), in that
it is a model-free approach. However, it is not without its own

limitations. xS2 contains the mathematics of our EFA
approaches, some remarks on validation of EFA compared
with the original instance and our experience with practical
limitations to the current implementation of the technique.

7. Conclusions and future outlook

RAW is a free open-source program for calibrating, masking,
integrating and analyzing biological SAXS data. It provides
the ability to analyze standard SAXS data and SEC-SAXS
data, including Guinier analysis, molecular weight calculation,
calculation of P(r) functions, singular value decomposition
and evolving factor analysis, and the use of the AMBIMETER,
DAMMIF, DAMAVER, DAMCLUST, DATGNOM and
GNOM programs from the ATSAS package (which is closed
source, requires a separate installation, and is free for
academic but not industrial users). RAW is available from
https://sourceforge.net/projects/bioxtasraw/. It is written in the
Python and C++ programming languages and runs on all
major operating systems. It has detailed documentation and
video tutorials available online.

Development, including new features, speed improvements
and bug fixes, is ongoing, and other scientists are welcome to
contribute to RAW development. In the future we intend to
add major features including, but not limited to, normalized
Kratky plots, a multi-detector mode to seamlessly generate
scattering profiles from measurements on several detectors,
improved azimuthal integration with support for detector tilt
parameters, flexibility analysis, some level of automated
processing of subtracted profiles and similarity testing for
scattering profiles.

Looking forward, data processing pipelines are becoming
more popular at dedicated biological small-angle scattering
beamlines. However, not all analysis can be done at the
beamline, and scientists will continue to require portable
analysis software that they can run at home. Furthermore,
many biological experiments are done at small-angle scat-
tering beamlines or home sources not dedicated to biological
samples, and these experiments will require some kind of
standalone analysis program. Thus, at least for the foreseeable
future, we anticipate that RAW and programs like RAW will
continue to be useful for the community.

8. Note added in proof

During review and publication of this paper several new
versions of RAW were released, adding some significant new
features. As of publication, the newest version is 1.3.0, and
includes the following major features not described in this
paper: ability to use DAMMIN (Svergun, 1999) as well as
DAMMIF for envelope reconstructions and to refine averaged
reconstructions; a summary window for envelope reconstruc-
tions which shows the chi squared, radius of gyration,
maximum dimension, excluded volume and estimated mol-
ecular weight for each reconstruction, as well as (when
available) the normalized spatial discrepancy, number of
models included in the average, clustering of models,

computer programs

J. Appl. Cryst. (2017). 50, 1545–1553 Jesse Bennett Hopkins et al. ! BioXTAS RAW 1551

Figure 5
(a) The SVD analysis window, showing the selected data range (blue
points on the left) and plots of the first ten singular values and left and
right singular vector autocorrelations. This shows three significant
singular values in the data set, attributable to the scattering from the
buffer, BSA monomer and BSA oligomer. (b) The final window of EFA
in RAW, showing the selected data ranges, the extracted scattering
profiles from the overlapping peaks and other information.
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2007). This method was recently applied to SEC-SAXS data
(Meisburger et al., 2016), and an improved version of the
method described by Meisburger et al. has been implemented
in RAW. EFA in RAW starts with SVD, proceeds by finding
the component start and end points in the evolving factor
plots, and finally rotates the significant singular value vectors
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for rotation of the singular vectors besides the iterative
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calculation method described by Maeder (1987). The second is
a hybrid method that uses the explicit calculation as the seed
for the iterative approach, giving faster convergence of the
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it is a model-free approach. However, it is not without its own
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approaches, some remarks on validation of EFA compared
with the original instance and our experience with practical
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7. Conclusions and future outlook
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GNOM programs from the ATSAS package (which is closed
source, requires a separate installation, and is free for
academic but not industrial users). RAW is available from
https://sourceforge.net/projects/bioxtasraw/. It is written in the
Python and C++ programming languages and runs on all
major operating systems. It has detailed documentation and
video tutorials available online.

Development, including new features, speed improvements
and bug fixes, is ongoing, and other scientists are welcome to
contribute to RAW development. In the future we intend to
add major features including, but not limited to, normalized
Kratky plots, a multi-detector mode to seamlessly generate
scattering profiles from measurements on several detectors,
improved azimuthal integration with support for detector tilt
parameters, flexibility analysis, some level of automated
processing of subtracted profiles and similarity testing for
scattering profiles.

Looking forward, data processing pipelines are becoming
more popular at dedicated biological small-angle scattering
beamlines. However, not all analysis can be done at the
beamline, and scientists will continue to require portable
analysis software that they can run at home. Furthermore,
many biological experiments are done at small-angle scat-
tering beamlines or home sources not dedicated to biological
samples, and these experiments will require some kind of
standalone analysis program. Thus, at least for the foreseeable
future, we anticipate that RAW and programs like RAW will
continue to be useful for the community.

8. Note added in proof

During review and publication of this paper several new
versions of RAW were released, adding some significant new
features. As of publication, the newest version is 1.3.0, and
includes the following major features not described in this
paper: ability to use DAMMIN (Svergun, 1999) as well as
DAMMIF for envelope reconstructions and to refine averaged
reconstructions; a summary window for envelope reconstruc-
tions which shows the chi squared, radius of gyration,
maximum dimension, excluded volume and estimated mol-
ecular weight for each reconstruction, as well as (when
available) the normalized spatial discrepancy, number of
models included in the average, clustering of models,

computer programs
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Figure 5
(a) The SVD analysis window, showing the selected data range (blue
points on the left) and plots of the first ten singular values and left and
right singular vector autocorrelations. This shows three significant
singular values in the data set, attributable to the scattering from the
buffer, BSA monomer and BSA oligomer. (b) The final window of EFA
in RAW, showing the selected data ranges, the extracted scattering
profiles from the overlapping peaks and other information.

SVD



Advanced Applications 
and Methods

the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer

Frame Number

I(
q)

 (
a.

u.
)

500
1000

1500
q (Å  )-10

0.05
0.1

0

10

20

30

A

[dAMP] (µM)
0 2 4 6 8 10 300

R
g (

Å
)

30

34

38

42

//

//

26

C

D

[dAMP]

10-2 10-1

I(
q)

 (
a.

u.
)

10-1

100

101

102

103

104

E

B

Apo

Holo

-20
0

20

q (Å-1)

q2 (Å-2) x10-3

re
s.

(1)

(2)

(3)

0 0.4 0.8 1.2 1.6 2

ln
[I(

q)
/I(

0)
]

-1

-0.8

-0.6

-0.4

-0.2

0

q2 (Å-2) x10-3
0 0.2 0.4 0.6 0.8 1

ln
[I(

q)
/I(

0)
]

-2

-1.6

-1.2

-0.8

-0.4

0

0 µM dATP

20 µM dATP

50 µM dATP

Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg
increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
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leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg
increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).

E4600 | www.pnas.org/cgi/doi/10.1073/pnas.1800356115 Parker et al.

subunits and by prohibiting the subunits from forming an active
α2β2 complex. In contrast, NrdEs lack a complete ATP-cone
domain, and, until recently, the activity of previously studied
class Ib RNRs has been reported to be insensitive to inhibition
by dATP (12–19). These results have led to the belief that ATP-
cones are modular and uniquely responsible for overall activity
allosteric regulation in RNRs (5).
Contrary to this belief, we recently reported that physiologi-

cally relevant dATP concentrations (5–10 μM) are able to inhibit
the activity of the Bacillus subtilis Ib RNR (20). This result is an
example of RNR inhibition occurring independently of an ATP-
cone and suggests that nature has evolved other methods for
negative feedback regulation of elevated and/or imbalanced
dNTP pools. Here, we report the results of further biochemical
and biophysical studies undertaken to understand the allosteric
regulation of the B. subtilis RNR and to gain insight into the
structural basis for dATP inhibition. Surprisingly, we discovered
that the inhibitory potency of dATP is dependent on an equiv-
alent of deoxyadenosine 5′-monophosphate (dAMP) tightly
bound to recombinantly expressed NrdE (dAMP/α). Further-
more, isolation of endogenous NrdE as the NrdE·NrdF (NrdEF)
complex from B. subtilis and analysis by high-resolution mass
spectrometry also reveals bound dAMP, providing support for its
physiological importance. Structural characterization of NrdE by

analytical ultracentrifugation (AUC), X-ray crystallography, and
anion exchange (AEX) chromatography-coupled small-angle
X-ray scattering (SAXS) reveals a previously uncharacterized
NrdE dimer (Fig. 1B). The interface of this noncanonical α2 dimer
is formed by a partial N-terminal cone domain, which houses one
dAMP-binding site per α. Using AUC and SAXS, we further show
that the addition of dATP to dAMP-bound NrdE leads to the
formation of higher-order oligomers in a manner that is distinct
from but reminiscent of dATP inhibition in class Ia RNRs. Based
on these results, a model for the basis of overall activity allosteric
regulation of the B. subtilis Ib RNR is proposed.

Results
Substrate Specificity Allosteric Regulation of the Mn(III)2–Y•–Dependent
Enzyme Is Similar to Other Class I RNRs. Given the surprising suscep-
tibility of the B. subtilis Ib RNR to dATP inhibition (20), we ex-
amined its allosteric regulation in more detail. The steady-state
kinetics using as-isolated NrdE (aiNrdE) with Mn(III)2–Y•–loaded
NrdF were measured spectrophotometrically with endogenous re-
ductants. The results, summarized in Fig. 2 and SI Appendix, Table
S1, show that its regulation of substrate specificity conforms to the
general scheme observed previously with Ia and Fe(III)2–Y•–loaded
Ib RNRs (5). ATP and low dATP (<5 μM) stimulate pyrimidine
reduction, TTP stimulates GDP reduction, dGTP stimulates ADP
reduction, and dCTP has no effect on activity. The previously
reported inhibitory effect of dATP at ≥10 μM on B. subtilis RNR is
also observed with UDP reduction (SI Appendix, Fig. S1A). The
kinetics follows Michaelis–Menten behavior with pyrimidine sub-
strates but not with purine substrates, ADP (SI Appendix, Fig. S1B),
or GDP (SI Appendix, Fig. S1C). These data fit best to the Hill
equation and revealed negative (nH = 0.7 ± 0.1) and positive (nH =
1.8 ± 0.3) cooperative binding for ADP and GDP, respectively. The
former result may explain the unusually large apparent affinity
(Kapp

m ) for ADP relative to other class I RNRs (SI Appendix, Table
S1). The apparent affinity of B. subtilis RNR for its other substrates
(SI Appendix, Table S1) and effectors (SI Appendix, Table S2)
showed characteristics similar to those of other class I enzymes:
GDP is the tightest-binding substrate, UDP the weakest, and the S-
site exhibits an ∼200-fold greater affinity for dNTPs relative to ATP.
Finally, kcat values (1–2·s−1) are on the low side but are comparable
to those measured with the Escherichia coli Ia RNR in the absence
of effectors (2·s−1) vs. in the presence of effectors (5–10·s−1) (21).
The kcat·Km

−1 values, on the other hand, are within the range previously

Fig. 1. Comparison of the modeled canonical and noncanonical dimeric
forms of B. subtilis NrdE. (A) A model of the canonical dimer was generated via
secondary-structure matching structural superposition (1) of the dAMP-bound
B. subtilis NrdE monomer structure against the Salmonella typhimurium NrdE
α2 dimer (PDB ID code 1PEM) (2). Disordered S-site residues are shown as
dashed lines. (B) Crystal structure of the noncanonical dimer of dAMP-bound
B. subtilis NrdE at pH 4. In both panels, the dimer interface is indicated by a
solid black line. The N-terminal partial cone (green), the connector region
(pink), and the two helices at the S-site in the canonical NrdE dimer (dark gray)
are colored by domain. These colors are used throughout this report.

Fig. 2. Allosteric regulation of B. subtilis RNR substrate specificity using Mn
(III)2–Y• NrdF and aiNrdE (described subsequently). Activities are expressed as
a percentage relative to the maximum activity observed for a given substrate.
Maximum activities for S (E) in α2β2 are ADP (dGTP) = 420 ± 20 nmol·min−1·mg−1;
GDP (TTP) = 245 ± 10 nmol·min−1·mg−1; CDP (ATP) = 385 ± 20 nmol·min−1·mg−1;
and UDP (ATP) = 435 ± 12 nmol·min−1·mg−1. Assays (500 μL) were conducted at
37 °C and contained a 1:1 mixture of 0.5-μM His6-tagged subunits, the endog-
enous reducing system (40-μM TrxA, 0.4-μM TrxB, and 0.2-mM NADPH), and S
and E nucleotides at the concentrations indicated in the figure.
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subunits and by prohibiting the subunits from forming an active
α2β2 complex. In contrast, NrdEs lack a complete ATP-cone
domain, and, until recently, the activity of previously studied
class Ib RNRs has been reported to be insensitive to inhibition
by dATP (12–19). These results have led to the belief that ATP-
cones are modular and uniquely responsible for overall activity
allosteric regulation in RNRs (5).
Contrary to this belief, we recently reported that physiologi-

cally relevant dATP concentrations (5–10 μM) are able to inhibit
the activity of the Bacillus subtilis Ib RNR (20). This result is an
example of RNR inhibition occurring independently of an ATP-
cone and suggests that nature has evolved other methods for
negative feedback regulation of elevated and/or imbalanced
dNTP pools. Here, we report the results of further biochemical
and biophysical studies undertaken to understand the allosteric
regulation of the B. subtilis RNR and to gain insight into the
structural basis for dATP inhibition. Surprisingly, we discovered
that the inhibitory potency of dATP is dependent on an equiv-
alent of deoxyadenosine 5′-monophosphate (dAMP) tightly
bound to recombinantly expressed NrdE (dAMP/α). Further-
more, isolation of endogenous NrdE as the NrdE·NrdF (NrdEF)
complex from B. subtilis and analysis by high-resolution mass
spectrometry also reveals bound dAMP, providing support for its
physiological importance. Structural characterization of NrdE by

analytical ultracentrifugation (AUC), X-ray crystallography, and
anion exchange (AEX) chromatography-coupled small-angle
X-ray scattering (SAXS) reveals a previously uncharacterized
NrdE dimer (Fig. 1B). The interface of this noncanonical α2 dimer
is formed by a partial N-terminal cone domain, which houses one
dAMP-binding site per α. Using AUC and SAXS, we further show
that the addition of dATP to dAMP-bound NrdE leads to the
formation of higher-order oligomers in a manner that is distinct
from but reminiscent of dATP inhibition in class Ia RNRs. Based
on these results, a model for the basis of overall activity allosteric
regulation of the B. subtilis Ib RNR is proposed.

Results
Substrate Specificity Allosteric Regulation of the Mn(III)2–Y•–Dependent
Enzyme Is Similar to Other Class I RNRs. Given the surprising suscep-
tibility of the B. subtilis Ib RNR to dATP inhibition (20), we ex-
amined its allosteric regulation in more detail. The steady-state
kinetics using as-isolated NrdE (aiNrdE) with Mn(III)2–Y•–loaded
NrdF were measured spectrophotometrically with endogenous re-
ductants. The results, summarized in Fig. 2 and SI Appendix, Table
S1, show that its regulation of substrate specificity conforms to the
general scheme observed previously with Ia and Fe(III)2–Y•–loaded
Ib RNRs (5). ATP and low dATP (<5 μM) stimulate pyrimidine
reduction, TTP stimulates GDP reduction, dGTP stimulates ADP
reduction, and dCTP has no effect on activity. The previously
reported inhibitory effect of dATP at ≥10 μM on B. subtilis RNR is
also observed with UDP reduction (SI Appendix, Fig. S1A). The
kinetics follows Michaelis–Menten behavior with pyrimidine sub-
strates but not with purine substrates, ADP (SI Appendix, Fig. S1B),
or GDP (SI Appendix, Fig. S1C). These data fit best to the Hill
equation and revealed negative (nH = 0.7 ± 0.1) and positive (nH =
1.8 ± 0.3) cooperative binding for ADP and GDP, respectively. The
former result may explain the unusually large apparent affinity
(Kapp

m ) for ADP relative to other class I RNRs (SI Appendix, Table
S1). The apparent affinity of B. subtilis RNR for its other substrates
(SI Appendix, Table S1) and effectors (SI Appendix, Table S2)
showed characteristics similar to those of other class I enzymes:
GDP is the tightest-binding substrate, UDP the weakest, and the S-
site exhibits an ∼200-fold greater affinity for dNTPs relative to ATP.
Finally, kcat values (1–2·s−1) are on the low side but are comparable
to those measured with the Escherichia coli Ia RNR in the absence
of effectors (2·s−1) vs. in the presence of effectors (5–10·s−1) (21).
The kcat·Km

−1 values, on the other hand, are within the range previously

Fig. 1. Comparison of the modeled canonical and noncanonical dimeric
forms of B. subtilis NrdE. (A) A model of the canonical dimer was generated via
secondary-structure matching structural superposition (1) of the dAMP-bound
B. subtilis NrdE monomer structure against the Salmonella typhimurium NrdE
α2 dimer (PDB ID code 1PEM) (2). Disordered S-site residues are shown as
dashed lines. (B) Crystal structure of the noncanonical dimer of dAMP-bound
B. subtilis NrdE at pH 4. In both panels, the dimer interface is indicated by a
solid black line. The N-terminal partial cone (green), the connector region
(pink), and the two helices at the S-site in the canonical NrdE dimer (dark gray)
are colored by domain. These colors are used throughout this report.

Fig. 2. Allosteric regulation of B. subtilis RNR substrate specificity using Mn
(III)2–Y• NrdF and aiNrdE (described subsequently). Activities are expressed as
a percentage relative to the maximum activity observed for a given substrate.
Maximum activities for S (E) in α2β2 are ADP (dGTP) = 420 ± 20 nmol·min−1·mg−1;
GDP (TTP) = 245 ± 10 nmol·min−1·mg−1; CDP (ATP) = 385 ± 20 nmol·min−1·mg−1;
and UDP (ATP) = 435 ± 12 nmol·min−1·mg−1. Assays (500 μL) were conducted at
37 °C and contained a 1:1 mixture of 0.5-μM His6-tagged subunits, the endog-
enous reducing system (40-μM TrxA, 0.4-μM TrxB, and 0.2-mM NADPH), and S
and E nucleotides at the concentrations indicated in the figure.
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(SI Appendix, Fig. S5 A and B, Insets and SI Appendix, Fig. S6A).
The similarity is surprising, given the reported lack of dATP in-
hibition in the S. typhimurium enzyme (15). A comparable pocket
lined with slightly different functional groups in S. typhimurium
NrdE raises the possibility of an as-yet undiscovered capacity for
overall activity modulation in other NrdE systems (SI Appendix, Fig.
S5 A and B), perhaps involving priming ligands other than dAMP.
Interestingly, a subset of class Ib RNRs homologous to B. subtilis
NrdE (including those of mycobacterial pathogens) exhibits high
sequence identity in the residues that interact directly with dAMP
(SI Appendix, Fig. S6), suggesting that the dAMP-dependent
overall activity regulation observed in B. subtilis NrdE is likely
shared with this group.

Mutagenesis of the dAMP-Binding Site. In the dAMP-bound B.
subtilis NrdE structures, the adenine of the nucleotide is found
inserted into a large hydrophobic pocket lined by V33 and F37 in
helix 2 of the truncated ATP-cone (Fig. 5 A and B, green) and
F91 and the methylene arm of R90 in the connector domain (Fig.
5A, magenta and Fig. 5B, blue). The adenine base is recognized in
a base-specific fashion via H-bonding interactions between the
N1 nitrogen and the N6 amino group to the backbone amide and

carbonyl groups of F91 (Fig. 5 D and E) in the connector domain,
enabled by a helix-strand transition at 87-KKFRFP-92. The base-
specific F91 backbone interaction is an example of a reverse
adenine-binding interaction (31), unusual in RNRs (6, 9, 32), al-
though recent reports of multiple ATP molecules bound to a single
ATP-cone in Pseudomonas aeruginosa class Ia RNR suggests di-
verse binding modes are possible (9). The motif is common to di-
verse classes of adenine nucleotide–binding proteins (31), implying
high specificity of this site for effectors containing an adenine base.
In contrast to the typical nucleotide-binding motifs found in RNRs,
the dAMP site in B. subtilis NrdE exhibits more limited interaction
with the sugar–phosphate moiety of the ligand and lacks a co-
ordinating divalent cation. N42 and H34 in the truncated ATP-
cone are within H-bonding distance of the furanose oxygen and
one of the phosphate oxygens of dAMP, respectively (Fig. 5 D and
E). N42 is additionally a possible H-bond donor/acceptor to the
3ʹ-OH of the dAMP ribose, and E53 in the noncanonical dimer
partner also resides within 4 Å of this functional group.
To further validate the crystallographically observed dAMP-

binding site (Fig. 5), H34 and F37 were mutated to Gln and Ile,
respectively. The NrdE variants were purified in a manner sim-
ilar to the wild-type enzyme and assayed for activity and dAMP
incorporation. H34Q NrdE had activity higher than the wild-type
protein (850–900 vs. 600 nmol·min−1·mg−1 α2), and HClO4 de-
naturation of the protein in the AEX fractions yielded little
dAMP, as monitored by A260. Additionally, H34Q NrdE dis-
played a dATP-inhibition profile (SI Appendix, Fig. S7) similar to
apo-NrdE (Fig. 4, black) although inhibition was observed at
high dATP (0.5 mM). Thus, the H34Q mutation partially dis-
rupts dAMP binding and renders the enzyme largely insensitive
to dATP inhibition while maintaining high catalytic activity. In
the case of F37I NrdE, all AEX fractions exhibited low specific
activity (80–90 nmol·min−1·mg−1 α2) and no detectable A260 peak
upon protein precipitation. The preliminary results are consis-
tent with the crystallographic observations, which suggest that
F37 is most important for dAMP binding because it forms part of
the adenine-binding pocket. Residue H34 may be less critical
because it is one of two residues within H-bonding distance of
the dAMP phosphate, and the substituted Q may retain some of
this functionality (Fig. 5 B and E).
Given the observed inhibition of holo-NrdE activity by dATP

(Fig. 4, red), it is interesting to consider whether the dAMP site
in the N terminus of the protein could accommodate deoxy-
adenosine 5′-diphosphate (dADP) or dATP via displacement of
the endogenous dAMP ligand. The dAMP-soaked structure at
pH 7 provides some insight into this question because it contains
unequivocal electron density for a free phosphate positioned
next to the terminal phosphate of the dAMP ligand (Fig. 5B).
Although the origin of the phosphate is unknown, the structure
provides a view of how this site might accommodate a deoxy-
adenosine di- or triphosphate. Residue K88, located near the
adenine-binding motif in the helix–strand transition of the con-
nector domain (Fig. 5B), is within H-bonding distance of the free
phosphate but is too far away from the terminal dAMP phos-
phate to bind directly to the ligand. Interaction between the
terminal phosphate of a di- or triphosphorylated nucleotide via a
Lys or Arg side chain is a common pattern in other nucleotide–
effector binding sites in RNR structures (6, 9, 32) and other
ATP-binding proteins, including P-loop nucleotide switches (33).
In the latter group of proteins, the charged residue functions in
readout of the phosphorylation state of the nucleotide to com-
municate the status to other regions of the protein via long-range
conformational changes. In B. subtilis NrdE, K88 could com-
municate N-terminal domain dAMP/dADP/dATP interactions
to the specificity site or noncanonical dimer partner to modulate
activity and/or oligomeric state. Analysis of electrostatic surface
potential in the N-terminal and connector domains of B. subtilis
NrdE reveals an extended positively charged region that includes
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Figure S3. Separation of holo- and apo-NrdE by anion exchange chromatography on a MonoQ 
column. The solid line is the A280 and the dashed line the NaCl gradient. Note that all experiments 
were performed with the same gradient. Vertical grey bars indicate the limits of fraction pooling 
for each separation. (A) Separation of aiNrdE. 1, apo-NrdE fraction pool; 2, holo-NrdE fraction 
pool. (B) Second round of chromatography for an apo-NrdE sample from 1 pooled from multiple 
fractionations of aiNrdE. (C) Second round of chromatography for a holo-NrdE sample from 2 
pooled from multiple fractionations of aiNrdE. 
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg
increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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SEC-SAXS of membrane 
proteins

SEC

Berthaud, Pérez, & Mangenot. JACS 134, 10080–8 (2012).

• Detergent often used to solubilize membrane 
proteins.


• Causes problems for conventional SAXS:


• Detergent corona scattering ~ protein 
scattering


• Free micelles form spontaneously, scatter


• Studied aquaporin-0 solubilized in n-Dodecyl β-
D-maltoside (DDM). Structure known from 
crystallography.


• SEC-SAXS was used to equilibrate detergent 
concentration and separate excess free micelles.


• Modeling detergent corona around aquaporin-0 
produced good agreement with experiment.



Coflow system for high-
flux data collection

Sample 
(dye)

Buffer 
sheath

Capillary

X-ray

Buffer inlet

Sample injection

Continuous pump

Flow

Ryan et al. J Appl Cryst 51, 97–111 (2018).

Kirby et al. Acta Crystallogr D 72, 1254–1266 (2016).

• “Capillary fouling” (X-ray 
damage) is a particular 
problem at high-flux 
beamlines.


• Compromises data quality 
(although some programs can 
correct for it)


• Coflow system envelops 
sample stream in buffer sheath, 
so protein never touches the X-
ray windows.


• Enables increased X-ray flux, 
both for regular and SEC-
SAXS.



In-line Multi-Angle 
Light Scattering 
(MALS)

• SEC-MALS provides accurate MW 
readout during elution.


• Highly complementary to SAXS


• Several user facilities now offer 
SEC-MALS-SAXS, including:

• APS (US), BioCAT

• CHESS (US), ID7A

• ALS (US), SIBYLS

• Petra III (Germany), EMBL (P12)

• Diamond (UK), B21


• Sample preparation, column media, 
and equilibration have more 
stringent requirements.

SEC-SAXS-MALS setup at BioCAT

MALS+DLS and 
Refractive Index (RI) 
instruments (Wyatt)

https://www.wyatt.com/solutions/techniques/sec-mals-
molar-mass-size-multi-angle-light-scattering.html

SEC-MALS of BSA and Hemoglobin



REGALS = “REGularized 
Alternating Least 
Squares”

Parametric curves model components in REGALS

• EFA fails if peaks are highly 
overlapping, or if background 
changes (AEX-SAXS)


• REGALS modeling adds new 
peak and concentration 
models to deconvolve 
physically meaningful 
components


• Also works on time-resolved 
SAXS and equilibrium 
titrations.


• Try it yourself!


• https://github.com/ando-
lab/regals


• GUI in development 
(Jesse Hopkins)

X

REGALS separates AEX-SAXS dataset on BsRNR:

Meisburger, S.P., Xu, D. & Ando, N. (2021) IUCrJ 8(2).

https://github.com/ando-lab/regals
https://github.com/ando-lab/regals
https://github.com/ando-lab/regals
https://github.com/ando-lab/regals


Summary

• SEC can separate molecules based on size


• SEC-SAXS is great at removing aggregates, separating oligomers, 
providing a good buffer match, and increasing overall confidence in 
data.


• SEC-SAXS typically requires extra sample, time


• Take care: experimental variables, assess data quality


• Powerful deconvolution methods (SVD, EFA, REGALS, …)


• Exciting technical developments underway.



Questions?
Nozomi Ando Lab at Cornell  
http://ando.chem.cornell.edu/

Twitter: @AndoLab

GitHub: github.com/ando-lab/
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SEC-SAXS at user facilities in the US
Facility, 

Beamline Link Modes Chromatography system Columns

CHESS, 
BioSAXS/

HP-Bio 
(ID7A)

https://
www.chess.cornell.edu/
users/biosaxs-hp-bio-
beamline

SEC-SAXS, 
SEC-MALS-
SAXS; High 

pressure (HP) 
SEC-SAXS.

Akta Pure FPLC (4 deg C), 
WYATT MALS, HPLC 
pumps for HP mode.

User-supplied columns; GE 
Superdex 200 10/300; GE Supderdex 

200 5/150

APS, 
BioCAT 
(18ID)

https://
www.bio.aps.anl.gov/
pages/about-saxs.html

SEC-SAXS, 
SEC-MALS-

SAXS. Coflow.

Akta Pure FPLC (4-50 
degC), Agilent 1260 series, 

Wyatt MALS, QELS, RI

User-supplied columns; GE 
Superdex 200 Increase 5/150 and 
10/300; GE Superdex 75 Increase 
10/300 and 5/150; GE Superose 6 

Increase, 10/300
ALS, 

SIBYLS 
(12.3.1)

https://bl1231.als.lbl.gov/
htsaxs/instructions/
secsaxs

SEC-MALS-
SAXS

Agilent 1260 series HPLC, 
Wyatt MALS, QELS, RI

Shodex KW-802.5; Shodex KW-803; 
Shodex KW-804

SSRL, 
SMB (4-2)

https://www-
ssrl.slac.stanford.edu/
smb-saxs/content/
documentation/sec-saxs

SEC-SAXS Thermo Fisher Scientific 
UltiMate 3000 UHPLC, RI

User-supplied columns; Superdex 
200 Increase PC 3.2/300; Superdex 
75 PC Increase 3.2/300; Superose 6 

Increase PC 3.2/300

NSLS-II, 
LiX (16-ID)

https://sites.google.com/
view/lixbeamline/ SEC-SAXS

Shimadzu HPLC (column 
box at 15-30 degC), UV 

and RI.

User-supplied columns; GE 
Superdex 200 Increase 5/150; GE 

Superdex 200 10/300 GL;

https://www.chess.cornell.edu/users/biosaxs-hp-bio-beamline
https://www.bio.aps.anl.gov/pages/about-saxs.html
https://bl1231.als.lbl.gov/htsaxs/instructions/secsaxs
https://www-ssrl.slac.stanford.edu/smb-saxs/content/documentation/sec-saxs
https://sites.google.com/view/lixbeamline/


SEC-SAXS at user facilities outside the US
Facility, 

Beamline Link Modes Chromatography 
system Columns

Australian 
Synchrotron, 
SAXS/WAXS

https://www.ansto.gov.au/user-
access/instruments/australian-
synchrotron-beamlines/saxs-waxs

SEC-SAXS. 
Coflow.

Shimadzu HPLC, 
(column box at 6-60 

degC)
User-supplied columns;

Petra III 
(Germany), 
EMBL (P12)

https://www.embl-hamburg.de/
biosaxs/sample.html#sec

SEC-MALS-
DLS-SAXS

Agilent 1260 Infinity 
Bio-Inert HPLC/FPLC 

(ambient temp.), 
Wyatt MALS, QELS, 

rEX, DLS

User-supplied columns; GE 
Superdex 200 Increase 10/300 

and 5/150; GE Superdex 75 
Increase 10/300 and 5/150; GE 

Superose 6 Increase 10/300 and 
5/150; Wyatt WTC-015S5; Wyatt 

WTC-030S5;

Diamond 
(UK). B21

https://www.diamond.ac.uk/
Instruments/Soft-Condensed-
Matter/small-angle/B21.html

SEC-SAXS, 
SEC-MALS-

SAXS

Agilent 1200 HPLC, 
Wyatt MALS

GE Superdex 200 3.2/300; GE 
Superose 6 3.2/300; Shodex 
KW-402.5; Shodex KW-403; 

Shodex KW-404; Shodex KW-405;

SOLEIL 
(France), 
SWING

https://www.synchrotron-soleil.fr/
fr/lignes-de-lumiere/swing SEC-SAXS Agilent HPLC

User-supplied columns; Agilent 
Bio-Sec 3-300; Agilent AdvBioSec 
2.7-300; Agilent  BioSec 5-1000; 

Agilent BioSec 5-2000;

ESRF 
(France), 

BM29

http://www.esrf.eu/home/
UsersAndScience/Experiments/
MX/About_our_beamlines/bm29/
beamline-setup/hplc.html

SEC-SAXS Shimadzu HPLC

https://www.ansto.gov.au/user-access/instruments/australian-synchrotron-beamlines/saxs-waxs
https://www.embl-hamburg.de/biosaxs/sample.html#sec
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-angle/B21.html
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-angle/B21.html
http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamlines/bm29/beamline-setup/hplc.html
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