
11/05/2019 Everything_BioSAXS_5 1

Advanced Data Analysis: 
SEC, SEC-MALS, SEC-SAXS, Reconstructions

Everything BioSAXS 5
Getting Started in Biological Small-Angle X-ray Solution Scattering
Tuesday 11/5/19

Kushol Gupta
Research Asst. Professor
Department of Biochemistry and Biophysics, 
Perelman School of Medicine (Univ. of Penn.)
kgupta@pennmedicine.upenn.edu



11/05/2019 Everything_BioSAXS_5 2

Advanced Data Analysis

• SEC and SEC-MALS
• SEC-SAXS

• SVD-EFA
• Ab Initio Reconstructions

• DAMMIN/F
• GASBOR
• DENSS
• MONSA



Principles of SEC
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“Size-Exclusion Chromatography: Principles and Methods,” GE Healthcare Life Sciences
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Principles of SEC
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Kim, I., McKenna, S. A., Puglisi, E. V. & Puglisi, J. D. Rapid purification of RNAs using fast performance liquid chromatography 
(FPLC). RNA 13, 289–294 (2007). 

Principles of SEC

11/05/2019 Everything_BioSAXS_5 8



Refractometer

3 or 18 angle 

Light 

Scattering 

(MALS)

Solvent Pump UV Detector

Sizing 

Column

Solvent 

Reservoir
Degasser

SEC-MALS

11/05/2019 Everything_BioSAXS_5 9

18+1+1=20 channels of data 
being collected every second!



𝐾𝑐

𝑅 θ, 𝑐
=

1

𝑀𝑤𝑃 θ
+ 2𝐴2𝑐

●K: constants

●c: concentration from UV or RI

●R: from measured intensity

●P: from scattering angle

●A2: 2nd virial coefficient (fit)
𝑀𝑤 =

σ𝑐𝑖𝑚𝑖

σ𝑐𝑖

(weight-average

molecular weight; mass concentrations)

● global fit of Mw values with 18 R(θ), P(θ) values

●calculation is done “on-the-fly”, every few seconds of SEC column elution

●larger particles have stronger scattering signal; can use less material

●need ~20-100 uL of concentrated protein; gets diluted on column

SEC-MALS
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SEC-MALS
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SEC-MALS
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Aggregate!!

Sample

Example: Preparation of Group II Intron from Lactococcus Lacti.

Light Scattering

UV Detector

Dynamic Light Scattering

SEC-MALS
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What is M for this protein?

Superdex-75 10/30

0.5 ml/min

If M=26 kDa, what is the oligomeric state?

Superdex-75 10/30

0.5 ml/min

+ MALS detection

26 kDa

Monomer

SEC-MALS
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Superdex 200 10/30

0.5 ml/min

60 kDa heterodimer

You can often establish that your

protein is monomeric from a SEC 

experiment alone.  You can not

conclude anything about your

protein’s oligomeric state from 

SEC alone!

SEC-MALS
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Gupta et al 2015, JBC
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Advanced Data Analysis

• SEC and SEC-MALS
• SEC-SAXS

• SVD-EFA
• Ab Initio Reconstructions

• Calculating Profiles
• DAMMIN/F
• GASBOR
• DENSS
• MONSA



• Meisburger SP, Taylor AB, Khan CA, Zhang S, Fitzpatrick PF, Ando N. Domain Movements upon 
Activation of Phenylalanine Hydroxylase Characterized by Crystallography and Chromatography-
Coupled Small-Angle X-ray Scattering. J Am Chem Soc. 2016 May 25;138(20):6506-16. doi: 
10.1021/jacs.6b01563. Epub 2016 May 12. PMID: 27145334 

• Mathew, E., Mirza, A. & Menhart, N. Liquid-chromatography-coupled SAXS for accurate sizing of 
aggregating proteins. J Synchrotron Radiat 11, 314–318 (2004).

• Malaby, A. W. et al. Methods for analysis of size-exclusion chromatography–small- angle X-ray 
scattering and reconstruction of protein scattering. J Appl Crystallogr 48, 1102–1113 (2015).

• Brookes, E. et al. Fibrinogen species as resolved by HPLC-SAXS data processing within the 
UltraScan Solution Modeler ( US-SOMO ) enhanced SAS module. J Appl Crystallogr 46, 1823–1833 
(2013).

• Hopkins, J.B., Gillilan, R.E., Skou, S.BioXTAS RAW: improvements to a free open-source program for 
small-angle X-ray scattering data reduction and analysis. J Appl Cryst, J Appl Crystallogr 50, 1545–1553 
(2017).

SEC-SAXS:Suggested Reading
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Evolving Factor Analysis

A = U S VT

Singular Value Decomposition

S.vec.( I v Q) S.vec.( I v T)SVs

SVD-EFA: Meisburger et al 2016 JACS

RAW: Hopkins et al 2017 J App Cryst
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SEC-SAXS
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SEC-SAXS
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Meisburger SP, Taylor AB, Khan CA, Zhang S, Fitzpatrick PF, Ando N. Domain Movements upon Activation of Phenylalanine 
Hydroxylase Characterized by Crystallography and Chromatography-Coupled Small-Angle X-ray Scattering. J Am Chem Soc. 2016 
May 25;138(20):6506-16. doi: 10.1021/jacs.6b01563. Epub 2016 May 12. PMID: 27145334 



SEC-SAXS: SVD
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Polydisperse & interactive systems:

❑ Equilibrium oligomeric mixtures (OLIGOMER, COSMIC)
❑ Assembly/disassembly processes (SVDPLOT, MIXTURE)
❑ Natively unfolded proteins and multidomains proteins with flexible linkers 

(EOM, SASSIE, BILBOMD)
❑ SVD-EFA (RAW), US-SOMO – SEC-SAXS

Applications for biological studies:

❑ Oligomerization
❑ Multiple assembly forms 
❑ Temperature dependent transitions
❑ Ligand-dependent transitions



The number of significant singular vectors in SVD (i.e. non-random curves with 
significant singular values) yields the minimum number of independent curves 
required to represent the entire data set by their linear combinations (e.g. for 
mixtures). (Konarev)

SEC-SAXS: SVD
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Meisburger SP, Taylor AB, Khan CA, Zhang S, Fitzpatrick PF, Ando N. 
Domain Movements upon Activation of Phenylalanine Hydroxylase 
Characterized by Crystallography and Chromatography-Coupled Small-
Angle X-ray Scattering. J Am Chem Soc. 2016 May 25;138(20):6506-16. doi: 
10.1021/jacs.6b01563. Epub 2016 May 12. PMID: 27145334 



SEC-SAXS: SVD-EFA
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Meisburger SP, Taylor AB, Khan CA, 
Zhang S, Fitzpatrick PF, Ando N. 
Domain Movements upon Activation 
of Phenylalanine Hydroxylase 
Characterized by Crystallography and 
Chromatography-Coupled Small-
Angle X-ray Scattering. J Am Chem 
Soc. 2016 May 25;138(20):6506-16. doi: 
10.1021/jacs.6b01563. Epub 2016 May 
12. PMID: 27145334 



SEC-SAXS: SVD-EFA
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Meisburger SP, Taylor AB, Khan CA, Zhang S, Fitzpatrick PF, Ando N. Domain Movements upon Activation of Phenylalanine 
Hydroxylase Characterized by Crystallography and Chromatography-Coupled Small-Angle X-ray Scattering. J Am Chem Soc. 2016 
May 25;138(20):6506-16. doi: 10.1021/jacs.6b01563. Epub 2016 May 12. PMID: 27145334 

Evolving Factor Analysis
(Maeder M. Anal Chem. 1987;59:527–530)

Variant of SVD that allows for 
the identification of ranges 
within each elution peak 
where separate species elute 
from the abrupt changes in 
the number of significant 
singular values as scattering 
profiles are added or 
removed from the matrix.



1. Radiation Damage: sticking to windows
1. Flow Rate increase
2. Add glycerol
3. Attenuation

2. Column Resolution
1. Overloading
2. Injection volume too large
3. Media interactions

SEC-SAXS: Troubleshooting

11/05/2019 Everything_BioSAXS_5 24

Meisburger SP, Taylor AB, Khan CA, Zhang S, Fitzpatrick PF, Ando N. Domain Movements upon Activation of Phenylalanine 
Hydroxylase Characterized by Crystallography and Chromatography-Coupled Small-Angle X-ray Scattering. J Am Chem Soc. 2016 
May 25;138(20):6506-16. doi: 10.1021/jacs.6b01563. Epub 2016 May 12. PMID: 27145334 



3. Rg changes within Peak  (also a problem with SEC-MALS)

SEC-SAXS: Troubleshooting
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Steven Meisburger



SEC-SAXS-MALS
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Advanced Data Analysis

• SEC and SEC-MALS
• SEC-SAXS

• SVD-EFA
• Ab Initio Reconstructions

• Calculating Profiles
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• MONSA



Ab Initio Reconstructions

11/05/2019 Everything_BioSAXS_5 28

Direct Electron Density Calculation

Thomas Grant



Calculating SAXS profiles from Models
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❑ Calculation of reciprocal space scattering from model

❑ Accomplished vis Debye Equation or Spherical Harmonics Approximation

❑ Modeling solvent shell and excluded volume is the technical challenge



Calculating SAXS profiles from Models
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Spherical Harmonics (Envelope Function)
Stuhrmann, 1970; Svergun & Stuhrmann, 1991; Svergun et al., 1996

Bead Models  (DAMMIN, MONSA)
Chacon et al., 1998; Svergun, 1999; Walther, Cohen & Doniach, 2000
Svergun, Petoukhov & Koch, 2001

Dummy Residue Models (GASBOR)
Svergun, Petoukhov & Koch, 2001

Shape Reconstruction

•Synchrotron/Reactor Sources
•Home Source Rotating Anodes
•Detectors
•Software and Computing Power
•Algorithms for Shape Reconstruction

Ab Initio Reconstructions
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http://www.embl-hamburg.de/workshops/2008/embo/d-sv_abinitio.html


Ab Initio Reconstructions:DAMMIF/N
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❑ DAMMIN/F uses a dummy atom/bead modeling approach that applies spherical 
harmonics

❑ Relies on low resolution data where s*Rg <7-8 or q< 0.3, as contributions from solvent 
at high q can lead to errors

❑ 3D volume fits the data with physical constraints applied

❑ Penalties for envelopes that are loose, compact, or disconnected

❑ Simulated Annealing Method – each calculation is slightly different.



Ab Initio Reconstructions:DAMMIF/N
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http://www.embl-hamburg.de/workshops/2008/embo/d-sv_abinitio.html


Ab Initio Reconstructions:DAMMIF/N
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Process:

❑ DAMMIN/F: Calculate 5-20 ab initio reconstructions

❑ DAMSUP/DAMAVER/DAMFILT:

❑ Models are aligned

❑ Normalized Spacial Discrepancy (NSD) calculated:

❑ ~Avg of 0.5 implies good stability
❑ ~0.7-0.9 implies fair stability, but more common with anisotropic particles
❑ ~>1.0 implies poor stability

❑ Ensemble then averaged and filtered to yield final result



Ab Initio Reconstructions:DAMMIF/N
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Ab Initio Reconstructions: DAMMIF/N and GASBOR Examples
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Ab Initio Reconstructions: Uniqueness
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Martin R, Gupta K, Ninan N, Perry K, Van Duyne, GD. The Survival of Motor Neurons Protein Forms Soluble Glycine Zipper Oligomers. Structure 
20(11):1929-39 (2012).

38

Ab Initio Reconstructions: GASBOR example
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❑ GASBOR uses dummy residue approach with explicit solvent models, which then 
allows for use of higher resolution data.
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Ab Initio Reconstructions: DENSS



D.I. Svergun (1999) Restoring low resolution structure of biological macromolecules from 
solution scattering using simulated annealing. Biophys. J. 76, 2879-2886.

• Multiple Profiles
→ Increased Data-to-
Parameters

• Experimental Contrast 
Information

• Simultaneous Solution
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Ab Initio Reconstructions: MONSA

Gupta et al 2012 Structure



MONSA 
Shape 
Reconstruction

Protein
DNA
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Ab Initio Reconstructions: MONSA

Gupta et al 2012 Structure



Disorder-to-Order Structural Transition in the Assembly of the PGC-1a/ERRg Metabolic Hub Srikripa Devarakondaa, Kushol Gupta, 
Michael J. Chalmersc , John F. Huntd, Patrick R. Griffinc, Gregory D. Van Duyneb, Bruce M. Spiegelman PNAS 2011

Biophysical properties determined by orthogonal approaches should agree.
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Ab Initio Reconstructions: MONSA


