
Joint use of SAXS and SANS 
(and NMR, EM, crystallography, FTIR, 

fluorescence…)
Jill Trewhella 

The University of Sydney

EMBO Global Lecture Course: Structural and biophysical methods for 
biological macromolecules in solution

Singapore, December 6-14, 2017



Andrew WhittenCy Jeffries

Yanling (Chris) Lu
Kate Michie Ann Kwan

Mitch Guss

Naveed Nadvi

John Chow
Neutron Ted





cMyBP-C plays structural and regulatory roles in striated muscle sarcomeres; how it functions and
interacts in the sarcomere are unclear.

Myosin thick filament

C7 C8 C9 C10

Titin

?

?



Cardiac Myosin Binding Protein C: a modular protein

actin/myosin binding “regulatory” 
domains

C0 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10m

 Ig (           ) and (           ) Fn modules

 C0 specific to the cardiac isoform 
 m-domain (or motif) is largely unstructured and contains cardiac-specific 

phosphorylation sites
 Increasing % P/A in flexible C0-C1 linker is inversely correlated with heart rate

titin & myosin binding
domains

PA



Greater than 40% of inherited hypertrophic cardiomyopathy 
(HCM) is linked with mutations in cMyBP-C 

o HCM affects as 1 in 200 individuals, most common cause of fatal heart attacks in the young and healthy  
o HCM has highly heterogeneous genotypic and phenotypic profiles
o HCM-linked point mutations are most abundant in C1, C3, C5, C6 and, surprisingly, in the unstructured 

region of the motif
o Point mutations in C2 and C7 are relatively rare

From Harris et al (2011) In the thick of it: HCM-causing mutations in 
myosin binding proteins of the thick filament. Circ Res108, 751-64.

• In frame 
insertions

• Splice site 
donor/acceptor 

• Premature 
termination

• Frame shifts
• Single amino 

acid substitution



N-terminal regulatory domains of the cardiac myosin binding protein C 
(cMyBP-C) influence motility

+cMyBP-C reg domains

High Ca2+

Controls

Low Ca2+

movies courtesy of 
Samantha Harris, UC Davis



Jeffries, Whitten et al. (2008)J. Mol. Biol. 377, 186

SAXS data show mouse C0C2 has an 
extended multi-domain structure



Neutron contrast variation on actin thin-filaments with 
deuterated C0C2 show they bind actin and stabilize 
filaments

Atomic coordinates for actin 
courtesy of Ken Holmes



Mini-filaments in solution have a length 
dimension that is too long to 
characterize given the measured qmin
>0.01 Å-1.

(Need to measure to qmin << π/dmax, so 
qmin ~ 0.01 Å-1 means dmax must be 
<~200 Å) 

Multiplying the intensity scale by q
effectively removes the long dimension 
from the scattering

FT of qI(q) vs q gives the distribution of 
distances between area elements in 
the cross section: C0-C1-m-C2 
domains extended, Holmes-like actin 
coreI

Can perform 2D Stuhrmann analysis: 
straight line = coincident centres of 
scattering density!



Whitten et al. (2008) PNAS 105, 18360

SANS data show C0 and C1 domains interact with neighboring actins

and provide a structural hypothesis for the 
observed Ca2+-signal buffering effect.

Can perform 2D 2-phase “MONSA-type” DAM modelling



Single particle EM analysis confirmed C0 binding interferes with the tropomyosin Ca2+ ‘off’ position and S1 
binding

Whitten et al (2008) PNAS, 105 (47) 18360-5Orlova et al (2011) JMB, 412, 379-86

C0C2 / Actin 
(SANS model)

Tm in open’ state  Tm in ‘blocked’ state  With myosin S1 attachments 

C0 / Actin  (EM reconstruction)



NMR titration 
data identify 
residues involved 
in (human) C0-
actin interaction 



Actin binding
Non-actin binding

Lu, Jeffries et al. (2011) J. Mole. Biol. 413, 908-913

Shared Actin and 
Myosin Binding Sites

C0 C1

SSKVK

Myosin RLC
Binding

Myosin ΔS2
Binding



A role for cMyBP-C in regulating sarcomere dynamics as 
cMyBP-C switches between S2/RLC and actin binding?

Relaxed 
state

Myosin thick filament

C7 C8 C9 C10

Titin

Cross-
bridge 

formation

Myosin thick filament
Titin

C7 C8 C9 C10

PO4 Both N- and C-terminal 
domains of cMyBP-C have 
been shown to influence actin 
rotational dynamics (Colson et 
al, 2012 PNAS)



Additional actors in cMyBP-C regulation?

Lu et al., J. Biol. Chem. 287, 31596-31607, 2012.

SDS-Page from pull-down assays from CaM-
agarose beads

The motif of human cMyBP-C is binds Ca2+-calmodulin (CaM)
Trp318 in the tri-helix bundle binds the C-lobe of calmodulin

More recent results reveal that the binding domain includes the tri-
helix bundle and linker

Ca2+-CaM



• Sequence alignments across all isoforms of MyBP-C (cardiac, fast and slow skeletal) and including the 
most primitive chordata (Oikopleura dioica) indicate that the m-domain linker-C2 boundary shows a 
surprising degree of conservation.

• Mutation of the strictly conserved Ser362 in the linker is associated with the most severe case of HCM 
known and its equivalent in fast skeletal is linked to muscular skeletal disease.

• Mutation of the strictly conserved Ala364 to Thr is also associated with severe HCM

ΔmC2



NMR structure of the tri-helix bundle, linker, C2 (ΔmC2) shows the linker is highly mobile in 
solution and mapping known disease linked mutations onto the structure shows large numbers 
within the tri-helix bundle-linker, and the loop regions of C2

Ser362

Ala364

Highly mobile linker

Tri-helix bundle

C2



NMR chemical 
shift data and 
SAXS data 
indicate more 
compact 
conformations 
are dominant, 
with some helical 
propensity in the 
linker 

Optimised single 
average model

Ensemble 
Model



SAXS data show that the 
Ca2+-calmodulin binds to 
ΔmC2 and maintains an 
extended conformation

ΔmC2

CaM

Complex

ΔmC2

CaM

Complex



NMR titration data

Interaction involves the classic hydrophobic clefts in the two Ca2+-binding lobes of CaM with extensive 
interactions across the entire tri-helix bundle and linker, leaving the C2 fold largely unaffected. 

Red: resonance shifts greater than one standard deviation
Blue: resonance moves so far it disappears or cannot be followed
Yellow: prolines, no proton in the HSQC 



Models 1 and 5 from 
2KDU NMR ensemble

MUNC13-1/Ca2+-CaM

The most extended 
CaM-target binding 
domain structure 
available.  

C-lobe

N-lobe

Trp

Model 1

Model 5



Using all the available data and homology modelling, we conclude that the tri-helix ternary interactions 
are disrupted upon binding CaM

Ser362 is at least partly exposed in the alternate models; a possible site for phosphorylation? Might the 
Ala364 – Thr mutation provide an alternate site that confounds the normal phosphorylation pattern?

CaM_2KDU-5

CaM_2KDU-1

Ser362



Similarly, CaM binds buried Trp sidechains and disrupts the tertiary 
interactions in the helical MA protein of HIV-1

Chow et al., J. Mol. Biol.,  2010 
Taylor et al., Biophys. J.103, 1-9, 2012

CaM-induced 
unfolding of MA 
exposes  buried 
myristoylate and/or 
the interaction 
between MA and 
PI(4,5)P2 at the 
inner cell 
membrane; Gag 
localization to the 
membrane, or the 
number of the other 
processes MA is 
involved in.



There is an ordered hierarchy of phosphorylation 
sites of the motif; A is phosphorylated by CaMKII
which induces further phosphorylation at B and C 
by PKA.

A
B

C

CaMKII phosphorylation is strictly Ca2+-CaM-
dependent; and 

cMyBP-C co-purifies with endogenous CaMKII
activity from muscle tissue. 

The Ca2+-CaM-dependent MLCK phosphorylates 
the myosin regulatory light chain (RLC). 

CaM-dependent phosphorylation of cMyBP-C and 
RLC both contribute to the contraction/relaxation 
cycle by modifying the local concentration of 
cross-bridges at the interface with actin. 

MLCK

CaMKII PKA

CaM

Ca2+

C7 C8 C9 C10



Is CaM a structural conduit linking the regulatory role(s) of 
cMyBP-C with Ca2+ signalling pathways?

Does the moderate affinity CaM binding to the motif 
maintain CaM availability in the vicinity for Ca2+CaM-
dependent kinase action?

The tri-helix bundle as a polymorphic binding domain –
other binding partners? 

Is Ser262 an additional phosphorylation site in motif?

Relationship between modulation of motif phosphorylation 
patterns and disease severity/progression?



cMyBP-C is anchored to myosin thick filament via C8-C10 while C1-C0 
switches dynamically between binding sites on actin and myosin S2/RLC

Relaxed 
state

Myosin thick filament

C7 C8 C9 C10

Titin

Cross-
bridge 

formation

Myosin thick filament
Titin

C7 C8 C9 C10

What is the role of 
the central domains?

PO4



Disease-linked Mutations in the central domains
 Largest number of mutations occur in the central domains C6 and C5
 Missense mutations in C2 and C7 are relatively rare
 Fibronectin domains: 

 C5 has two cardiac specific insertions, including a large loop that contributed to its relative instability
 C7 is required for proper incorporation into sarcomere

From Harris et al (2011) In the thick of it: HCM-causing mutations in myosin binding proteins 
of the thick filament. Circ Res108, 751-64.

• In frame 
insertions

• Splice site 
donor/acceptor 

• Premature 
termination

• Frame shifts
• Single amino 

acid substitution



C5: NMR structure, Ig domain:
• D745 mostly buried D745, hydrogen bonds with Y749. 

Most severe HCM when D745G coupled with P873H in C7.

C7: homology model, Fn domain:
• absolutely required for proper incorporation into sarcomere, 
• P873: deeply buried in a hydrophobic pocket that would likely 

not accommodate a larger hydrophobic sidechain, 
• conserved in Fn fold.

Moderate to severe HCM with P873H

C6: homology model, Fn domain
• R820 surface exposed, no interactions.

Late onset HCM with R820Q that progresses to DCM in the 
elderly  

Clinically linked mutations in the central domains of 
cMyBP-C with distinct phenotypes have distinct 

structural consequences

Nadvi et al., Structure 24, 105-115, 2016



SAXS: R820Q: minimal impact on domain fold; D745G affects C5 domain folding

NMR Data: P873H affects C7 domain folding

C7
C6C7

C5C6C7
C5C6*C7

tC5C6C7
tC5*C6C7

tC5*C6C7

tC5C6C7

C5C6C7
C5C6*C7



Predicted C5C6C7 C5C6C7 tC5C6C7 tC5*C6C7

helix 1 0 0 0

β−strands 45 45 45 36

Turns 25 21 24 24

Cils 18 24 24 18

Agg β-strands n.a. 10 6 22

FTIR: R820Q has minimal impact on secondary structure content; D745G and P873H result in 
significant loss of β-strand structure

Predicta C7 C7 C7*

helix 1 0 0

β−strands 50 52 35

Turns 25 24 27

Coils 22 22 25

Agg β-strands n.a. 2 13

Predicted C5C6C7 C5C6C7 C5C6*C7

helix 1 0 0

β−strands 45 45 44

Turns 25 21 25

Coils 18 24 23

Agg. β-strands n.a. 10 8



Haplo-insufficiency as an explanation for clinical impact for misfolding mutants
 P873H in C7:

 Homozygous moderate to severe HCM
 Heterozygous with D745G in C5, most severe HCM, early onset

 P873L also reported as an HCM mutation
 P873 key to correct fold of C7 and proper incorporation into the sarcomere.
 Misfolded C5 and C7 increases the activity of the major quality control systems in the 

myocytes might remove the mutant proteins, or perhaps misfolding increases cytosolic 
degradation?

Different genotypes causing different phenotypes (beyond severity) suggest mutations 
affecting key interactions  
 HCM-causing E258K (at boundary of C1-m) successfully expressed and incorporated 

into muscle sarcomere, affects cMyBP-C interactions with S2
 R820Q in C6 results in late onset HCM that progresses to “burn-out phase” DCM in the 

elderly, suggesting a key interaction involving R820  



CaM crystal structure
Babu et al. (1985) Nature

4-residue mobile linker 
(NMR relaxation)
Barbato et al. (1992) 
Biochemistry

CaM-MLCK-I 
NMR structure
Ikura et al. (1992) 
Science

SAS most powerful for:

- showing a solution structural 
model inadequate:

Heidorn & Trewhella (1988) “Comparison of 
the Crystal and Solution Structures of 
Calmodulin and Troponin C. Biochemistry

- characterizing global 
onformational transitions:

Heidorn et al. (1989) Changes in the Structure 
of Calmodulin Induced by a Peptide Based on 
the Calmodulin Binding Domain of Myosin Light 
Chain Kinase. Biochemistry

- providing accurate and 
precise spatial constraints in 
integrative/hybrid modelling

Michie et al. (2016) Structure 



The purpose of a model is not to fit the data but to 
sharpen our questions

Samuel Karlin
American mathematician who improved DNA sequencing analysis by 

applying mathematics to early efforts at genome sequencing

Royal Society presentation, 20 April 1983



Application of a bad model tuned to limited data can 
yield dangerous results when applied outside the 
data bounds.

Ralph Nelson
Multi-disciplinary scientist 

studying interactions in coupled 
nonlinear phenomena



Lysozyme
SAXS Data

Biasing effects of 
aggregation or 
inter-particle 
interference can be 
obvious or subtle

Jacques & Trewhella (2010) Protein 
Science 19, 642



Jacques, Guss, Svergun, and Trewhella (2012) Acta Cryst. D68, 620
Publication requirements for structural modelling of small-angle scattering 
data from biomolecules in solution

Trewhella, J. “Small-angle scattering and 3D structure interpretation,” Curr. Opin. Struct. Biol. 40, 1–7, 2016.



 Log-Linear plots and χ2 suggest 
reasonable fits, but closer inspection 
reveals regions of systematic deviation:

• Low-q data sensitive to size
• Mid-q data sensitive to subunit 

dispositions

Examples from publications demonstrating the importance of standard 
practice and complete reporting



Models for subunit dispositions optimised 
by fitting crystal coordinate traces into 
dummy-atom reconstructions and 
comparing P(r) profiles in main paper

Log I(q) vs q plot in supplemental only 
with model fits

No other representations of the data
Concentration series measured:

• Concentration-dependent data not 
shown

• Data merged in an unspecified way.
No molecular mass values reported from 

SAXS data reported

o Low salt
□ 150 mM salt   
∆ 300 mM salt
__  compact model
__  optimised model

Model fits from supplemental



2017 publication guidelines for structural modelling
of small-angle scattering data from biomolecules in
solution: an update
Jill Trewhella, Anthony P. Duff, Dominique Durand, Frank Gabel, J. 
Mitchell Guss, Wayne A. Hendrickson, Greg L. Hura, David A. 
Jacques, Nigel M. Kirby, Ann H. Kwan, Javier Pérez, Lois Pollack, 
Timothy M. Ryan, Andrej Sali, Dina Schneidman-Duhovny, Torsten 
Schwede, Dmitri I. Svergun, Masaaki Sugiyama, John A. Tainer, 
Patrice Vachette, John Westbrook and Andrew E. Whitten

Received 16 June 2017
Accepted 7 August 2017

D73: 710-728

Synopsis: Updated guidelines are presented for publishing biomolecular 
small-angle scattering (SAS) experiments so that readers can 
independently assess the quality of the data and models presented. The
focus is on solution scattering experiments with either X-rays (SAXS) or 
neutrons (SANS), where the primary goal is the generation and testing of 
three-dimensional models, particularly in the context of integrative/hybrid 
structural modelling.

http://scripts.iucr.org/cgi-bin/paper?S2059798317011597

http://scripts.iucr.org/cgi-bin/paper?S2059798317011597




What is in the paper?

 Rationale for reporting guidelines with summary tables for:
 Sample details
 Data acquisition and reduction
 Data presentation, analysis and validation
 Structure modelling

 Example report, including figures and tables, on SEC-SAXS from three 
well-known proteins 

 Template reporting table

 IUCr is about to release a downloadable template table for reporting 
SAS and SASBDB is working with IUCr and PDB to facilitate auto-
populating the table using the sasCIF



A. I(0) (hollow squares) and 
Rg (filled squares) as a 
function of time for the 
SEC-SAXS run. 

B. I(q) vs q as log-linear 
plots with the inset showing 
the Guinier fits for qRg <1.3. 

C. Dimensionless Kratky 
plots (puts all proteins on a 
similar scale and highlights 
effects of foldedness and 
asymmetry on high-q 
decay)

D. P(r) vs r profiles 
normalised to equal areas

Recommended presentation of data plots



Bizienet al. (2016). Protein and peptide letters 23, 217-231

Dimensionless Kratky highlights effects of foldedness and assymmetry on high-q decay



Detail on Guinier plot



A. I(0) (filled symbols) and A280 
(hollow symbols) as a function of 
time/measurement frame - good 
correspondence in peak shape 
facilitates concentration estimates 
for a set of 1 second measurement 
frames. 

B. logI(q) v logq plots showing the 
expected near zero slope at low-q
expected for monodisperse 
scattering particles of similar size. 

Supplemental figures



Atomistic Modelling Results. 

FoXS-derived model fits (red and 
black solid lines) for GI (PDB:1OAD 
tetramer), BSA (PDB:4F5S chain A) 
and CaM (PDB:1CLL with the 
additional N- and C-terminal 
residues modelled) fit to I(q) vs q. 

Lower inset plot is the error 
weighted residual difference plot 
Δ/σ =  𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒 𝑞𝑞 −𝑐𝑐𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚(𝑞𝑞)

𝜎𝜎(𝑞𝑞)
vs q. 

χ2 = 9.2

χ2 = 4.4 

χ2 = 1.02 



Reporting templates for tabulating essential SAS data acquisition, sample details, data 
analysis, modelling fitting and software used


Table 5 SAS Results for GI, BSA and CaM

		5A Sample details



		

		GI (tetramer)

		BSA

		CaM



		Organism

		Streptomyces rubiginosus

		Bos Taurus



		Xenopus laevis 





		Source (catalogue number or reference)

		Hampton Res. (HR7-100)

		Sigma Aldrich 

(A3294)

		E. coli expressed (Michie et al., 2016)



		UniProt sequence ID (residues in construct)

		P24300 (2-388)

		P02769 (25-607)

		P62155 (2-149)



		Extinction coefficient (A280, 0.1% w/v)

		1.075

		0.646

		0.178



		 from chemical composition (cm3/g)

		0 .732

		0.732

		0.716



		Particle contrast from sequence and solvent constituents, Δρ (ρprotein - ρsolvent) (1010 cm-2)

		2.87(12.39 - 9.52)

		2.86(12.38 - 5.92)

		3.09(12.61 - 5.92)



		M from chemical composition (Da)

		172912

		66400

		16842



		SEC-SAXS column Superdex S200 size (mm)

		5x150

		5x150

		5x150



		Loading concentration (mg/mL)  

		6

		25

		20.2



		Injection volume (L) 

		30

		35

		35



		Flow rate (mL/min)

		0.45

		0.45

		0.45



		Ave. concentration in combined data frames from A280 (concentration range) (mg/mL)

		0.58 (0.20-1.09)

		1.81 (1.01-2.45)

		3.09 (2.38-3.55)



		Solvent (solvent blanks taken from SEC flow through prior to elution of protein)  

		25 mM MOPS, 250 mM NaCl, 50 mM KCl, 2 mM TCEP, 0.1% NaN3, pH 7.5









Reporting templates for tabulating essential SAS data acquisition, sample details, data 
analysis, modelling fitting and software used


		5B SAXS data collection parameters



		Instrument/data processing

		Australian synchrotron SAXS-WAXS Beamline (Kirby et al., 2013)  



		Wavelength (Å)

		1.0332



		Beam size (m)

		250 x 130 



		Camera length (m)

		2.683



		q-measurement range (Å-1)

		0.00663 – 0.3104 



		Absolute scaling method

		Comparison with scattering from pure H2O



		Normalization

		To transmitted intensity by beam stop counter 



		Monitoring for radiation damage

		X-ray dose maintained below 210 Gy, data frame by frame comparison



		Exposure time 

		1s x 24



		Sample configuration

		SEC-SAXS with sheath-flow cell (Kirby et al., 2016), effective sample path length 0.49 mm 



		Sample temperature (oC)

		22









5D Structural Parameters 

 GI (tetramer) BSA CaM 

Guinier analysis 
I(0) (cm-1)  0.0759 ± 0.0008 0.0861± 0.0008 0.0554 ± 0.00008 
Rg (Å) 32.87 ± 0.13 28.33 ± 0.05 21.74 ± 0.06 
qmin (Å-1) 0.007 0.007 0.007 
qRg max (qmin = 0.0066 Å-1) 1.3  1.3  1.3  
R2 0.999 0.999 0.999 
M from I(0) (ratio to predicted) 178312 (1.03) 65589 (0.99) 21944 (1.31) 

P(r) analysis 
I(0) (cm-1)  0.0748± 0.00008 0.0850 ± 0.00006 0.0533 ± 0.00006 
Rg (Å) 32.65 ± 0.04 28.32 ± 0.03 22.2 ± 0.06 
dmax (Å) 92 87 72 
q range (Å-1) 0.0066-0.2427 0.0066-0.2816 0.0074-0.3104 
χ2 (total estimate from GNOM) 0.929 (0.94) 0.858 (0.96) 0.855 (0.91) 
M from I(0) (ratio to predicted value) 180191 (1.04) 65354 (1.00) 21718 (1.29) 
Porod Volume (Å-3)  (ratio 
Vp/calculated M) 

229000 (1.3) 101000 (1.5) 25200 (1.5) 

 

Reporting templates for tabulating essential SAS data acquisition, sample details, data 
analysis, modelling fitting and software used


		5D Structural Parameters



		

		GI (tetramer)

		BSA

		CaM



		Guinier analysis



		I(0) (cm-1) 

		0.0759 ± 0.0008

		0.0861± 0.0008

		0.0554 ± 0.00008



		Rg (Å)

		32.87 ± 0.13

		28.33 ± 0.05

		21.74 ± 0.06



		qmin (Å-1)

		0.007

		0.007

		0.007



		qRg max (qmin = 0.0066 Å-1)

		1.3 

		1.3 

		1.3 



		R2

		0.999

		0.999

		0.999



		M from I(0) (ratio to predicted)

		178312 (1.03)

		65589 (0.99)

		21944 (1.31)



		P(r) analysis



		I(0) (cm-1) 

		0.0748± 0.00008

		0.0850 ± 0.00006

		0.0533 ± 0.00006



		Rg (Å)

		32.65 ± 0.04

		28.32 ± 0.03

		22.2 ± 0.06



		dmax (Å)

		92

		87

		72



		q range (Å-1)

		0.0066-0.2427

		0.0066-0.2816

		0.0074-0.3104



		2 (total estimate from GNOM)

		0.929 (0.94)

		0.858 (0.96)

		0.855 (0.91)



		M from I(0) (ratio to predicted value)

		180191 (1.04)

		65354 (1.00)

		21718 (1.29)



		Porod Volume (Å-3)  (ratio Vp/calculated M)

		229000 (1.3)

		101000 (1.5)

		25200 (1.5)









Reporting templates for tabulating essential SAS data acquisition, sample details, data 
analysis, modelling fitting and software used


		5E Shape model fitting results - a complete panel for each method



		

		GI (tetramer)

		BSA

		CaM



		DAMMIF (default parameters, 20 calculation)

		

		

		



		q range for fitting (Å-1)

		0.007-0.243

		0.007-0.282

		0.007-0.310



		Symmetry, anisotropy assumptions

		P1, none

		P1, none

		P1, prolate



		NSD (standard deviation), number of clusters

		0.62 (0.01), 1

		0.75 (0.63), 6

		0.77 (0.02), 4



		2 range

		2.25 – 2.29

		0.96 – 0.99

		1.30 – 1.37



		constant adjustment to intensities

		Skipped, unable to determine

		1.51 x 10-4

		1.48 x 10-4



		Resolution (Å) (from DAMRES)

		37 ± 3 

		32 ± 3

		30 ± 3



		M estimate as 0.5 x volume of models (Da) (ratio with expected)

		134000 (0.77)

		66700 (1.00)

		16300 (0.97)



		DAMMIN (default parameters)



		q range for fitting (Å-1)

		0.007-0.243

		0.007-0.282

		0.007-0.310



		Symmetry, anisotropy assumptions

		P1

		P1

		P1



		2, CorMap P values

constant adjustment to intensities

		0.95, 0.04

2.697 x 10-5

		0.85, 0.16

7.736 x 10-5

		0.844, 0.53

1.877 x 10-4









Reporting templates for tabulating essential SAS data acquisition, sample details, data 
analysis, modelling fitting and software used


		5F Atomistic Modelling



		Starting crystal structures

		PDB:1OAD 

		PDB:4F5S (Chain A)

		PDB:1CLL+1



		q-range for all modelling

		0.007-0.243

		0.007-0.282

		0.007-0.310



		FoXS2



		2, P-value

Predicted Rg (Å)

c1,c2  

		1.02, 0.05

31.70

1.03, 0.81

		4.4, 0.00

26.75

0.99, 2.39

		9.2, 0.00

21.58

0.99. 2.94



		

CRYSOL3 (with default parameters)



		No constant subtraction 

		

		

		



		2 , P-value

		1.00, 0.05

		2.78, 0.00

		15.95, 0.00



		Predicted Rg (Å)

		32.69

		27.89

		22.51



		Vol, Ra, Dro

		230987, 1.80 0.0130

		76791, 1.80, 0.035  

		20271, 1.40, 0.025



		Constant subtraction allowed

		

		

		



		2 , P-value

		1.01, 0.05

		2.14, 0.00

		12.62, 0.00



		Predicted Rg (Å)

		32.71

		28.01

		22.11



		Vol, Ra, Dro

		226689, 1.40, 0.013

		76791, 1.80, 0.037

		22012, 1.40, 0.055









5F Atomistic Modelling - continued 

Multi-state/ensemble models 

Starting crystal structures  PDB:4F5S (Chain A) PDB:1CLL+ 

Flexible residues  183-187 & 381-384 1-3 (ADQ), 77-87 
(KDTDS) 

MultiFoXS4(10,000 models in starting set) 
Number of states  1 1 
χ2, CorMap P values  1.05, 0.02 0.85, 0.31 
c1,c2  0.99, 0.63 1.05, 0.99 
Rg values of each state (Å)  27.59 21.03 
Weights, wn,  1 1 

Number of states  2 2 
χ2, CorMap P values  0.96, 0.09 0.79, 0.79 
c1,c2  1.02, 1.21 1.02, 1.50 
Rg values of each state (Å)  26.42, 32.35 22.32, 19.47 
Weights, wn,  0.83, 0.17 0.70, 0.30 

Number of states  3 3 
χ2, CorMap P values  0.82, 0.17 0.79, 0.79 
c1,c2  1.02, 0.94 1.02, 1.52 
Rg values of each state (Å)  26.42, 30.43, 29.80 22.32, 30.25, 19.00 
Weights, wn,  0.74, 0.08, 0.08 0.68, 0.13, 0.18 

EOM (default parameters with 10,000 models in the initial ensemble,  
native-like models selected, and constant subtraction allowed) 

χ2, CorMap P values   0.82, 0.79 
Constant subtraction   0 
No. representative structure   13 

 


		5F Atomistic Modelling - continued



		Multi-state/ensemble models



		Starting crystal structures

		

		PDB:4F5S (Chain A)

		PDB:1CLL+



		Flexible residues

		

		183-187 & 381-384

		1-3 (ADQ), 77-87 (KDTDS)



		MultiFoXS4(10,000 models in starting set)



		Number of states

		

		1

		1



		2, CorMap P values

		

		1.05, 0.02

		0.85, 0.31



		c1,c2

		

		0.99, 0.63

		1.05, 0.99



		Rg values of each state (Å)

		

		27.59

		21.03



		Weights, wn,

		

		1

		1



		Number of states

		

		2

		2



		2, CorMap P values

		

		0.96, 0.09

		0.79, 0.79



		c1,c2

		

		1.02, 1.21

		1.02, 1.50



		Rg values of each state (Å)

		

		26.42, 32.35

		22.32, 19.47



		Weights, wn,

		

		0.83, 0.17

		0.70, 0.30



		Number of states

		

		3

		3



		2, CorMap P values

		

		0.82, 0.17

		0.79, 0.79



		c1,c2

		

		1.02, 0.94

		1.02, 1.52



		Rg values of each state (Å)

		

		26.42, 30.43, 29.80

		22.32, 30.25, 19.00



		Weights, wn,

		

		0.74, 0.08, 0.08

		0.68, 0.13, 0.18



		EOM (default parameters with 10,000 models in the initial ensemble, 

native-like models selected, and constant subtraction allowed)



		2, CorMap P values

		

		

		0.82, 0.79



		Constant subtraction

		

		

		0



		No. representative structure

		

		

		13









5G SASBDB ID  GI: SASDCK2 BSA: SASDCJ3 CaM: SASDCQ2 
 

Deposit your data and models in a public data base that is 
searchable and downloadable

If the data base uses the sasCIF, auto-population of the above 
reporting table will be possible.  


		5G SASBDB ID 

		GI: SASDCK2

		BSA: SASDCJ3

		CaM: SASDCQ2









 Solution SAS measures the ensemble average of the spherical averages of the 3D conformations 
present in the solution – the inherent  information content relates to the distances between scattering 
centres within the population of structures. (SAS is not magic!)

 SAS is conceptually simple but technically demanding (instrumentation and sample preparation).

 Reliable (accurate) SAS data are those you can demonstrate are from the particle you are interested 
and have been demonstrated to be free from instrumental and sample state biasing effects.

 Always measure a concentration series to assess potential concentration-dependent effects from inter-
particle repulsive (non-unity S(q)) or weak attractive forces (mild aggregation)

 Always calculate the size of your scattering particle from I(0) and using the Porod volume after placing 
data on an absolute scale and working to ensure you can accurately determine the concentration of 
your scattering particle. If they are different ask why!

 Adhering to the 2017 publication guidelines will give you and your readers confidence in your results 
and interpretation – and are becoming the expected norm for SAS structural biology.  



Outcome of the First 
wwPDB Hybrid / 
Integrative Methods 
Task Force Workshop 
(EBI UK, Oct. 2014)
Sali et al., Structure 23: 
1156-1167, 2015

Report of the wwPDB Small-
Angle Scattering Task Force: 
Data Requirements for 
Biomolecular Modeling and the 
PDB 
Trewhella et al. Structure 21, 
875-881, 2013

2017 publication guidelines for structural modelling of small-angle scattering data from biomolecules in 
solution: an update
Jill Trewhella, Anthony P. Duff, Dominique Durand, Frank Gabel, J. Mitchell Guss, Wayne A. Hendrickson, 
Greg L. Hura, David A. Jacques, Nigel M. Kirby, Ann H. Kwan, Javier Pérez, Lois Pollack, Timothy M. Ryan, 
Andrej Sali, Dina Schneidman-Duhovny, Torsten Schwede, Dmitri I. Svergun, Masaaki Sugiyama, John A. 
Tainer, Patrice Vachette, John Westbrook and Andrew E. Whitten

(2017) D73: 710-728
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