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Outline

• Brief overview of Molecular Dynamics (MD) simulations
• Using MD simulations to compute SAXS and WAXS curves
• Biasing MD simulations to model SAXS experiments
• Post-hoc analysis of unbiased simulations for flexible systems:

• Plausible Structure Generation
• Minimal Ensemble Approaches
• Maximum Entropy Approaches

Key Idea: How much information do you 
have from your simulations and 
experimental data, and how do you 
balance those?



Why Should I Care about MD?

Flexible Systems

Lacking High Resolution Data

Poor Fits to Experiments
Χ2>>1



MD and SAXS are Natural Compliments 

SAXS:
• Relatively easy to perform on diverse systems
• Provides information on large-scale conformational changes
• Relatively low-information content

MD:
• High-resolution data
• Hard to sample large-scale conformational changes
• Limited by models in use (force fields, fixed charges, etc)
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Advantages:

• All-atom representation
• Can be applied to model 

diverse systems
• Can be used to compute kinetic 

and thermodynamic data

Disadvantages:

• Computationally expensive
• Can be slow to converge
• Limited system sizes
• Fixed-charged force fields limits the 

physics that can be modeled 

Molecular Dynamics (MD) Simulations Model 
Biomolecular Motions



CHARMM-GUI: A User-Friendly Tool to Setup MD Simulations

https://www.charmm-gui.org



Using MD to Treat SWAXS Hydration Effects

Nucleic Acids Res, Volume 43, Issue W1, 1 July 2015, Pages W225–W230, https://doi.org/10.1093/nar/gkv309

Instead of implicit model 
for hydration effects, treat 
hydration as in 
experiments:

Generate Isam(q) and Ibuf(q)
from solute restrained 
atomistic simulations.  

Uses fourier transform of 
atomic densities:
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I (q) = Isam (q)� Ibuf (q)
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fi (q) e
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<latexit sha1_base64="fGjpb8frX74KUgM3GBOhHbBXMbM="></latexit>
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⌦

https://doi.org/10.1093/nar/gkv309


WAXSIS: An online tool for small- and wide-angle X-ray scattering curves

Nucleic Acids Res, Volume 43, Issue W1, 1 July 2015, Pages W225–W230, https://doi.org/10.1093/nar/gkv309

http://waxsis.uni-goettingen.de

https://doi.org/10.1093/nar/gkv309


Advantages and Disadvantages of WAXSIS

• Advantages:
• No free solvation parameters
• Reproduces SWAXS curves beyond ~q=0.3
• Available as a user-friendly web server or standalone Gromacs code for 
power users

• Disadvantages:
• Relies on atomistic models of solvation (corrections applied to try to account 
for this)

• Only determines a SWAXS curve for one structure
• Does not allow changes in solute structure



SAXS-Biased MD Simulations

• MD force-fields can be biased by experimental data such as SAXS:

• Where a biasing force is defined by:

• Requires calculating the intensity at each snapshot, Ic, with a bias applied by a force 
constant kT
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ETotal = EFF + ESAXS
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Biophysical Journal 2015 1082573-2584DOI: (10.1016/j.bpj.2015.03.062) 



SAXS-Biased MD Simulations: Comparison to Theoretical Data

Biophysical Journal 2015 1082573-2584DOI: (10.1016/j.bpj.2015.03.062) 

Theoretical data shows Leucine Binding Protein can be biased quickly between closed 
and open states



SAXS-Biased MD Simulations: Comparison to Experimental Data

Biophysical Journal 2015 1082573-2584DOI: (10.1016/j.bpj.2015.03.062) 

CRM1: 21 repeat nuclear 
exportin observed in open 
and closed states.

Unbiased simulations with 
different force fields showed 
different propensities for 
open vs closed states (c).

SAXS-biased simulations 
with both force fields showed 
a quick convergence to an 
intermediate state (d). 

Simulation replicates showed 
quick, but varied, convergence

CHARMM22* AMBER99sb

But…cryo-EM experiments 
suggest a mix of states is present 
in solution (2:1 open to closed)



Advantages and Disadvantages of SAXS-Biased MD

Advantages:
• Can quickly refine structures to match experimental data
• Allows for changes in large-scale and small-scale solute structures

Disadvantages:
• May be best for local-refinement, may not be appropriate for drastic structural 
changes

• May bias to non-physiological intermediate states when solution data is from 
an ensemble
• Solutions to this exist, such as running multiple interacting MD replicas



Determining Potential Structures with Conventional Simulations

Idea: Use simulations to 
determine potential 
structures

Compute scattering 
profiles for each structure

Consider which structures 
fit experimental data



Using SASSIE-Web to Interpret SAXS Experiments
Web-based tool for connecting 
atomic structures to scattering data:
• Builds structures
• Perform basic MD and MC 

calculations
• Calculate scattering curves for 

structures
• Perform chi-squared and other 

analysis

https://sassie-
web.chem.utk.edu/sassie2/

https://sassie-web.chem.utk.edu/sassie2/


Example: Using SAXS + MD to understand α-catenin structures
α-catenin: primary link 
between cadherins and actin 
cytoskeleton.  Contains three 
domains (N, M, ABD) with 
flexible linkers

Monte Carlo simulations 
used to determine the 
structural pool

Results show multiple 
conformations of M and ABD 
domains

Bush et al. PNAS. (2019)

Best-fit curve to experiments Fit vs Rg for all structures



Example: Using SAXS + MD to understand α-catenin structures

α-catenin•β-
catenin•epithelial
(ABE) complex also 
shows similar 
heterogeneity with 
SAXS and SANS

Bush et al. PNAS. (2019)

SAXS SANS



Example of a Flexible System: Tri-Ubiquitin Chains

• SAXS experiments performed on diverse tri-ubiquitin 
systems (Eric Strieter, UMass Amherst)

• Conventional + accelerated molecular dynamics 
simulations of similar systems (us)

• Bayesian refinement of simulation ensembles to 
determine the minimal basis set to match 
experiments

Bowerman et al. J. Chem. Theory Comput. (2017)



Accelerated Molecular Dynamics (aMD) Speeds Sampling 
(In Theory)

V * r( ) =V r( ) + ΔV r( )

ΔV r( ) =
0 V r( ) ≥ E

E −V r( )( )2
α + E −V r( ) V r( ) < E

⎧

⎨
⎪⎪

⎩
⎪
⎪

Conventional MD Accelerated MD

Hamelberg, Morgan, & McCammon J. Chem. Phys. (2004)



Determining Minimal Ensembles of Structures 
to Fit SAXS Data

Generate candidate structures
• aMD, cMD, Monte Carlo, TAMD, etc…

Pare down the structures into a manageable 
number
• RMSD based clustering

Compute theoretical scattering profiles for 
each structure
• Crysol (here), SasCalc, FoXS, etc.

Cluster scattering profiles
• χ2free based hierarchical clustering 

Determine populations of states
• Bayesian Monte Carlo algorithm

χ2free:  Rambo & Tainer Nature (2013) X% Y%



(Over)Fitting SAXS Data to a Population of States

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Clus te r No.

0.0

0.2

0.4

0.6

0.8

1.0

Po
p

u
la

ti
on

 W
ei

g
h

t

8
.4

3
.5

3
4

.1

1
6

.7

1
3

.6

8
.4

2
.9

6
.3

3
.9

2
7

.5

4
0

.3

2
4

.4

1
5

.1

1
3

.9
0.00 0.05 0.10 0.15 0.20

q ( −1 )

100

101

I[
q

]

χ free
2 = 1.12



Resisting Overfitting with Iterative Refinement to Find 
Minimal Basis Set
1. Compute populations with single scatterer

2. Compute each permutation of two 
scatterer basis sets, take the value with 
minimal χ2

3. Repeat N times until all scatterers in basis 
set 

4. Choose ensemble size that minimizes
and the Akaike information criterion (AIC)

Basis 
Set Size

1 2 3 4

Best 
χ2free

2.19 ±
0.00

1.37 ±
0.06

1.24 ±
0.09

1.13 ±
0.09

AIC = 2k � 2 ln bL = 2k + c�2

BIC = ln (n) k � 2 ln bL = ln (n) k + c�2
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Rg (Å) Distal Group Distance (Å) Interdomain Angle

2 (46±4%) 32.6 ± 0.2 68.9 ± 0.4 120°±0.1°
9 (54±4%) 23.3 ± 0.3 41.0 ± 1.5 97°±8.3°
Combined 27.5 ± 0.4 ~ ~
Experiment 28.0 ± ~1.0 ~ ~

Iterative Refinement to Find Minimal Ensemble Set



BEES: Bayesian Ensemble Estimation from SAS
• SASSIE: Online 
portal for 
modelling SAXS 
data

• Result of joint 
US/UK funded 
CCPSAS project, 
collaborative with 
NIST

• Python version 
available on 
GitHub for “power 
users”

Bowerman et al. (Biophys. J. 2019)

A B



Other Popular Minimal Ensemble Tools: MultFoxs and EOM

Nucleic Acids Res, Volume 44, Issue W1, 8 July 2016, Pages W424–W429, https://doi.org/10.1093/nar/gkw389

The content of this slide may be subject to copyright: please see the slide notes for details.

Ensemble Optimization Methods (EOM)
• Uses genetic algorithm to determine ensemble 

that best fits experimental results
• Part of the ATSAS package

BILBOMD: Webserver that uses MD + 
MultiFOXS

https://bl1231.als.lbl.gov/bilbomd

https://doi.org/10.1093/nar/gkw389
https://bl1231.als.lbl.gov/bilbomd


Maximum Entropy Approaches: Use as Many Structures as Possible

• Principle of maximum entropy: 
modify the simulation ensemble 
as little as possible to match the 
experimental data

• Requires extensive simulation 
and the use of Lagrange 
multipliers 

Bottaro et al. (Struct. Bio. 2020)



Theory of Maximum Entropy
Standard (extensive) simulations are run.  Each simulation frame is given an equal weight of wj

0=1

<latexit sha1_base64="70hlSeLvvGHyHcQzla0xo15e1Ek=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0FyEgBePEcwDkjXMTnqTIbOzy8ysEkI+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDPzW4+oNI/lvRkn6Ed0IHnIGTVWaj31vAf32usVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3dKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNW/QmXSWpQssWiMBXExGT2O+lzhcyIsSWUKW5vJWxIFWXGJlSwIXjLL6+S5kXZuyxX7iqlWjWLIw8ncArn4MEV1OAW6tAABiN4hld4cxLnxXl3PhatOSebOYY/cD5/ACGjjsI=</latexit>

w0
1 = 1

<latexit sha1_base64="CnN1d7gcZkC9qDWovdmnU8zMf5Q=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0QNBch4MVjBPOAZA2zk04yZHZ2mZlVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3WUKIYNFolItQOqUXCJDcONwHaskIaBwFYwvpn5rUdUmkfy3kxi9EM6lHzAGTVWaj31yg/utdcrFN2SOwdZJV5GipCh3it8dfsRS0KUhgmqdcdzY+OnVBnOBE7z3URjTNmYDrFjqaQhaj+dnzsl51bpk0GkbElD5urviZSGWk/CwHaG1Iz0sjcT//M6iRlU/ZTLODEo2WLRIBHERGT2O+lzhcyIiSWUKW5vJWxEFWXGJpS3IXjLL6+SZrnkXZYqd5VirZrFkYNTOIML8OAKanALdWgAgzE8wyu8ObHz4rw7H4vWNSebOYE/cD5/ACMrjsM=</latexit>

w0
2 = 1

<latexit sha1_base64="/H313nJxB0RE+HW2WVsWq/nMd/M=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0NmosQ8OIxgnlAsobZyWwyZHZ2melVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqNx+5NiJW9zhKuB/RvhKhYBSt1HzqXjy41163UHRL7gxkmXgZKUKGWrfw1enFLI24QiapMW3PTdAfU42CST7Jd1LDE8qGtM/blioaceOPZ+dOyKlVeiSMtS2FZKb+nhjTyJhRFNjOiOLALHpT8T+vnWJY8cdCJSlyxeaLwlQSjMn0d9ITmjOUI0so08LeStiAasrQJpS3IXiLLy+TxnnJuyyV78rFaiWLIwfHcAJn4MEVVOEWalAHBkN4hld4cxLnxXl3PuatK042cwR/4Hz+ACSzjsQ=</latexit>

w0
3 = 1

<latexit sha1_base64="BntGPFmkRw7Kml0/U+2J8vzktQ4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0FyEgBePEcwDkjXMTnqTIbOzy8ysEkI+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDPzW4+oNI/lvRkn6Ed0IHnIGTVWaj31Kg/utdcrltyyOwdZJV5GSpCh3it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfu6UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCas+hMuk9SgZItFYSqIicnsd9LnCpkRY0soU9zeStiQKsqMTahgQ/CWX14lzYuyd1mu3FVKtWoWRx5O4BTOwYMrqMEt1KEBDEbwDK/w5iTOi/PufCxac042cwx/4Hz+ACY7jsU=</latexit>

w0
4 = 1

<latexit sha1_base64="RLMQzm9jcuioNAksbIvViv1z2SY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKj1yEgBePEcwDkjXMTibJkNnZZaZXCUs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zk2ohI3eM45n5IB0r0BaNopeZT9+LBvfa6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzs6dkBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8F+xU+FihPkis0X9RNJMCLT30lPaM5Qji2hTAt7K2FDqilDm1DBhuAtvrxMGmdl77J8fndeqlayOPJwBMdwCh5cQRVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzByfDjsY=</latexit>

w0
5 = 1

<latexit sha1_base64="I5LrV0EhIAklYvDmOB1ZQ46iaWM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKxFyEgBePEcwDkjXMTnqTIbOzy8ysEkI+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDPzW4+oNI/lvRkn6Ed0IHnIGTVWaj31Kg/utdcrltyyOwdZJV5GSpCh3it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfu6UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCas+hMuk9SgZItFYSqIicnsd9LnCpkRY0soU9zeStiQKsqMTahgQ/CWX14lzYuyVylf3l2WatUsjjycwCmcgwdXUINbqEMDGIzgGV7hzUmcF+fd+Vi05pxs5hj+wPn8ASlLjsc=</latexit>

w0
6 = 1

Define two terms:
<latexit sha1_base64="XP1pNURp6oFbgThwJWWxGBNF5gk="></latexit>

�2 (w) =
MX

i=1

✓P
wj · Isim,j,i � Iexp,i

�i

◆2
<latexit sha1_base64="ma1dQ2jU8IGWRQ38rEpSBB6c734="></latexit>

S (w) = �
NX

j=1

wj · log
 
wj

w0
j

!relative entropy experimental fit

Goal: balance these two by minimizing expression: 
<latexit sha1_base64="QWRYxceNokvkbqy6Xx6o5hyFEvg=">AAACKnicbVDLSgNBEJz1GeNr1aOXwSDowbgbguYiKF48eIhoVMjGMDvpzQ6ZfTDTq4Tg93jxV7zkoASvfoiTx8GoBQ1FVTfdXX4qhUbHGVgzs3PzC4u5pfzyyuraur2xeauTTHGo8UQm6t5nGqSIoYYCJdynCljkS7jzO+dD/+4RlBZJfIPdFBoRa8ciEJyhkZr22aUnIcC9J0+Jdoj79IR6PBQPpWn5sEQPqIchIKPX01bTLjhFZwT6l7gTUiATVJt232slPIsgRi6Z1nXXSbHRYwoFl/Cc9zINKeMd1oa6oTGLQDd6o1ef6a5RWjRIlKkY6Uj9OdFjkdbdyDedEcNQ//aG4n9ePcOg0uiJOM0QYj5eFGSSYkKHudGWUMBRdg1hXAlzK+UhU4yjSTdvQnB/v/yX3JaK7lGxfFUunFYmceTINtkhe8Qlx+SUXJAqqRFOXsgbeScf1qvVtwbW57h1xprMbJEpWF/f1JOlqw==</latexit>

L (w) = �2 (w) /2� ✓S (w)



Example of Maximum Entropy

Larsen AH, Wang Y, Bottaro S, Grudinin S, Arleth L, et al. (2020)

Combined SAXS, SANS, 
and coarse-grain (Martini) 
simulations of the three-
domain TIA-1 protein

Using a “good” force field, 
the initial fit to experiments 
was decent (chi-
squared=3.8) and improved 
to 1.0 with BME

This reweighting used 
~80% of the simulation data 
and required minimal 
changes



Example of Maximum Entropy

Larsen AH, Wang Y, Bottaro S, Grudinin S, Arleth L, et al. (2020)

Combined SAXS, 
SANS, and coarse-
grain (Martini) 
simulations of the three-
domain TIA-1 protein

Using a “bad” force 
field, the initial fit to 
experiments was bad 
(chi-squared=161.6) 
and improved to 1.0 
with BME

This reweighting used 
0.4% of the simulation 
data

Reweighted ensembles are qualitatively and 
quantitatively different between the two force fields! 



Maximum Entropy Approaches: Advantages and Disadvantages

Advantages:
• Uses the most data from simulations
• Balances experimental and theoretical models
• Can include data from different experimental sources

Disadvantages:
• Requires extensive simulations
• Simulations must be fairly accurate (simulations can not be extensively perturbed)
• Requires a free parameter to balance theoretical and experimental data



Conclusions

A hierarchy of methods exists for using MD to interpret SAXS

Some methods are more complicated (maximum entropy)

Some methods are more straightforward to interpret (structure generation)

In all methods its important to be aware of limitations of the simulations, as well 
as uses and limitations of the method
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