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SAXS and flexibility/disorder

• Flexible systems adopt a continuous range of conformations
• Distinct from polydisperse systems that adopt a small number of distinct states 

(conformations, oligomers)

• Measured SAXS profile is a combination of all the different 
species/conformations in solution
• Volume weighted sum of all the individual scattering profiles

• For flexible systems, this is an advantage, as it means a single SAXS 
measurement samples the entire conformational ensemble

• SAXS is one of the few methods that can quantitatively characterize 
partially disordered or completely disordered macromolecules
• Often used in combination with NMR
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Characteristics of flexibility in 
SAXS

• Characteristics of a flexible 
system’s scattering profile:
• Smooth I(q), with little or no fine 

structure
• Plateau or increase in 

dimensionless Kratky plot
• No plateau in Porod-Debye plot 

(completely disordered)
• Porod exponent < 4

• Characteristics of the P(r) 
distribution:
• Smooth P(r) with little or no fine 

structure
• Extended tail on P(r) function
• Dmax can be hard to determine
• Rg, I(0) from P(r) usually larger 

than from Guinier

• Overestimates of M.W. weight 
from volumetric methods (Porod
volume, envelopes)
• Alternatively, low calculated 

density from Porod volume and 
known M.W.

• Other:
• Guinier range may be narrow, 

qmaxRg~0.8
• Flory exponent close to ~0.6
• Extended reconstructions or rigid 

body models

• How can you tell if you’re measuring a flexible system?

• Use multiple metrics



I(q) for flexible systems

• For fully disordered systems, I(q) is characteristically 
smooth, as it represent an average of a large number of 
conformations, which washes out distinct features
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distinct! slopes! indicating!a! large!variety!of!possible! sizes!and!shapes! that!an!unstructured!

chain! can! adopt.! The! SAXS! profile,! obtained! after! averaging! curves! for! the! 5,000!

conformations,!presents!a!smoother!behavior!with!essentially!no!features!(Fig.!1B).!
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Figure'1.!(A)!Seven!representative!conformers!randomly!selected!from!an!ensemble!of!5,000!

explicit!all;atoms!models!generate!for!p15PAF!(De!Biasio!et!al.,!2014).!Solid!lines!correspond!

to!their!computed!SAXS!curves!(B)!and!Kratky!plots!(C)!and!are!colored!as!in!planel!A.!T.!The!

average!over!the!ensemble!of!5,000!conformations!yields!a!featureless!curve!that!is!in!very!

good!agreement!with!the!experimental!data!(gray!circles).!(D)!p(r)!functions!computed!for!

the!7!conformers!and!the!complete!ensembles!in!the!same!color!code!that!in!panels!(A;C).!

!

Traditionally,!Kratky!plots!(I(s)·s2!as!a!function!of!s)!have!been!used!to!qualitatively!identify!

disordered!states!and!distinguish!them!from!globular!particles.!The!scattering!intensity!of!a!

! 5!

several!features!along!the!complete!momentum!transfer!range!simulated.!The!initial!part!of!

the! simulated! curves,! containing! the! lowest! resolution! structural! information,! presents!

distinct! slopes! indicating!a! large!variety!of!possible! sizes!and!shapes! that!an!unstructured!

chain! can! adopt.! The! SAXS! profile,! obtained! after! averaging! curves! for! the! 5,000!

conformations,!presents!a!smoother!behavior!with!essentially!no!features!(Fig.!1B).!

!

Figure'1.!(A)!Seven!representative!conformers!randomly!selected!from!an!ensemble!of!5,000!

explicit!all;atoms!models!generate!for!p15PAF!(De!Biasio!et!al.,!2014).!Solid!lines!correspond!

to!their!computed!SAXS!curves!(B)!and!Kratky!plots!(C)!and!are!colored!as!in!planel!A.!T.!The!

average!over!the!ensemble!of!5,000!conformations!yields!a!featureless!curve!that!is!in!very!

good!agreement!with!the!experimental!data!(gray!circles).!(D)!p(r)!functions!computed!for!

the!7!conformers!and!the!complete!ensembles!in!the!same!color!code!that!in!panels!(A;C).!

!

Traditionally,!Kratky!plots!(I(s)·s2!as!a!function!of!s)!have!been!used!to!qualitatively!identify!

disordered!states!and!distinguish!them!from!globular!particles.!The!scattering!intensity!of!a!

7 simulated conformers of an IDP, their 
scattering profiles, and the average scattering 
profile of 5000 conformers as compared to the 
data.

Cordeiro et al., 2017. DOI: 10.1007/978-981-10-6038-0_7

signal from the particles of interest. The resulting scattering
pattern is related to the overall shape and size of the particles
under investigation [22,23].

Due to the random orientations of the particles in solution the
scattering pattern is isotropic, and thus, the scattering pattern
recorded usually by a two-dimensional detector can be radially
averaged. The scattering intensity I is represented as a function
of momentum transfer s = 4psin h/k, where k is the beam
wavelength and 2h is the scattering angle:

IðsÞ ¼ hIðsÞiX ¼ hAðsÞA$ðsÞiX ð1Þ

here the scattering amplitude A(s) is a Fourier transform of the
excess electron density:

AðsÞ ¼ I½qðrÞ& ¼
Z

DqðrÞ expðisrÞdr; ð2Þ

where Dq(r) = q(r) ' qs, q(r) and qs being the electron density of
the particle and of the solvent, respectively, and h iX stands for

the spherical average. These isotropic scattering patterns are plot-
ted as radially averaged one-dimensional curves I(s) (Fig. 2A).

The advanced biological SAXS experiments are usually
conducted on synchrotron sources providing high brilliance
X-rays. All major synchrotrons like e.g. ESRF (Grenoble, France),
DESY (Hamburg, Germany), Diamond (Oxford, Great Britain), ANL
(Argonne, USA), SSRL (Stanford, USA) and Spring-8 (Himeji, Japan)
have beamlines optimized for biological SAXS experiments. Often,
good results can also be obtained with laboratory home X-ray
sources (e.g. fabricated by Rigaku or Bruker), which, although
yielding much lower flux than the synchrotrons, still have low
background allowing one to reliably measure the low angle
scattering signal. On synchrotrons the exposure times range from
fractions of a second to minutes and on home sources they can
be up to hours, whereas the amount of sample required for both
experiments is approximately the same.

In SAXS, one typically needs 10–100 ll of sample per measure-
ment, or a total of 1–2 mg of purified protein including a compul-
sory concentration series measurement (e.g. 1, 2, 5 and 10 mg/ml).
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Fig. 1. Schematic representation of a SAXS experiment.

Fig. 2. Data simulated from three 60 kDa proteins: globular (dark blue), 50% unfolded (light blue) and fully disordered (gray). (A) Logarithmic plot of the scattering intensity I
(s) (in arbitrary units) vs. s (in inverse nanometres). (B) Distance distribution functions p(r) (in arbitrary units) vs. r (in nanometres). (C) Kratky plot s2I(s) vs. s. (D) Normalized
(or ‘‘dimensionless”) Kratky plot (sRg)2I(s)/I(0) vs. sRg.

A.G. Kikhney, D.I. Svergun / FEBS Letters 589 (2015) 2570–2577 2571

Simulated scattering profiles for a 
globular, 50% unfolded, and completely 
unfolded protein.

Kikhney and Svergun, 2015. DOI: 
10.1016/j.febslet.2015.08.027



Porod exponent for flexible 
systems

• Porod’s law (also Porod-Debye law) states that at high q, scattering intensity 
decays as:

where D is the Porod exponent and depends on the particle 
shape/flexibility

• Porod exponents:

• Hard sphere: 4

• Rod: 3

• Thin disc: 2
• Random walk/gaussian chain: 2

• Extended unfolded protein (self avoiding random walk/swollen gaussian chain): 
1.7

• Needle (fully extended chain): 1

• Smaller exponents indicate less globular systems, either flexibility or 
anisotropy

• Porod’s law breaks down at higher q due to
• Shape effects (folded/partly folded systems)

• Hydration and excluded volume effects (all systems, 𝑞 ≳ 0.15 Å!")

• Fitting in the mid-q range, such as with ScAtter, can determine Porod
exponent

𝐼 𝑞 ∝ 𝑞!"

slope of which, Dm, reflects the distribution of intera-
tomic distances on different length scales and can be
interpreted as a mass fractal dimension.26–29

The significance of the fractal dimension can be
visualized by imagining a sphere enclosing a portion
of an object of interest [Fig. 1(A)]. For fractal objects,
that is, objects that display self-similarity over at
least a limited range of scales, the mass, m, enclosed
by the sphere increases with radius, r, according to
a power-law relationship:

m / rDm : (5)

For a one-dimensional object (a line), the exponent

is 1; for a plane Dm ¼ 2 and for a solid Dm ¼ 3. The

values of Dm are not limited to integers, however,

and many fractal objects have Dm less than the

number of spatial dimensions they occupy. An object

described by a self-crossing random walk has a frac-

tal dimension of 2. More generally, the fractal

dimension for a polymer is related to the Flory

exponent, m, according to Dm ¼ 1/m. (For globular

particles, the exponent in the scattering relationship

[Eq. (4)] is 4, rather than 3, because of contributions

from the solvent interface.)

Figure 1. Fractal dimension as a descriptor of unfolded proteins. (A) The fractal dimension, Dm, is visualized as the exponent

describing the increase in mass, m, of the protein encompassed by a sphere as the sphere radius, r, is increased. The

polypeptide chain in the figure represents a random conformation of kN. (B) Simulated SAXS profiles for a globular protein

(ribonuclease A, Mr ¼ 13,700, solid curves) and a calculated ensemble of unfolded molecules (kN, Mr ¼ 12,300, dashed

curves). (C) Guinier plot of simulated SAXS profiles. The slope of the Guinier plot is used to estimate the radius of gyration.

(D) Log–log plot of the simulated SAXS profiles. The slope of the linear region of the Log–log plot at mid-q values is the

negative of the fractal dimension for nonglobular structures.

Johansen et al. PROTEIN SCIENCE VOL 20:1955—1970 1957

On a log-log plot, power laws like 
Porod’s law look linear. You can see 
the folded system has a steeper 
slope at high q, translating to a 
larger Porod exponent.

Johansen et al, 2011. 
DOI: 10.1002/pro.739



Dimensionless Kratky plot

• Dimensionless Kratky plot: (qRg)2I(q)/I(0) vs. qRg

• Removes effects of size, concentration to allow direct comparison of shape/conformation

• Globular systems have a characteristic peak of 1.104 at ~1.73 ( 3)

• Random chains plateau between 1.5-2, may increase further at q > 0.2-0.3 Å()

• Fully extended chains increase 

beyond 2.0
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DOI: 10.1016/j.febslet.2015.08.027 Receveur-Brechot and Durand, 2012. 
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this representation is not able to distinguish between fully 
folded and partially unfolded proteins containing structured 
regions of significant size, which also results in bell-shaped 
Kratky plots. To obviate this problem, Perez and co-workers 
highly recommend plotting a dimensionless Kratky plot [61], 
as is commonly done in other fields, such as polymer sci-
ence. In this dimensionless Kratky plot, the intensity I(q) is 
normalized to the forward scattering intensity I(0), and q is 
normalized to the radius of gyration of the protein. Multiply-
ing q by the radius of gyration makes the angular scale inde-
pendent of protein size, while I(q) divided by I(0) becomes 
independent of the molecular weight of the protein as I(0) is 
proportional to the molecular weight (Eq. 1). This normaliza-
tion allows one to compare Kratky plots of globular and ex-
tended proteins, whatever their size, and thereby to infer the 
maximum amount of information from this representation. 
The scattering pattern of a globular protein in a normalized 
Kratky plot exhibits a maximum value of 1.104 for qRg=!3, 
whatever the size of the protein. Conversely, for a random 
chain, the curve rises with increasing angle to reach a nearly 
flat region at a value between 1.5 and 2 followed at high q 
values (typically q > 0.2-0.3 Å-1) by a further increase de-
pending on the rigidity of the polypeptide chain. Dimension-
less Kratky plots of partly disordered proteins display dis-
tinctive intermediate profiles between the two extremes (Fig. 
(2)). 

4. ASSESSING THE FLEXIBILITY OF FULLY DIS-
ORDERED PROTEINS WITH THE THEORY OF 
POLYMER PHYSICS 

 Some IDPs are disordered along their entire sequence, 
whereas other so-called IDPs actually contain one or several 
long intrinsically disordered regions (IDRs) separated by 
globular domains with a definite function. If these IDRs re-
main active when isolated from the rest of the protein, they 
constitute individual domains, and their structural and func-
tion properties are often individually studied. Comparing the 
radii of gyration of these fully disordered proteins or do-
mains with the expected Rg yielded by the empirical power 
law described above can provide information on the degree 
of structural disorder in the protein. However because it is a 
macroscopic parameter, the radius of gyration is not suffi-
ciently sensitive to detect slight conformational restraints. 
Analyzing the entire scattering curve represents a step for-
ward to infer and utilize all the quantitative information con-
tained in the scattering spectrum.  

 The theory of polymer solutions can be used to describe 
the behavior of highly unfolded or disordered polypeptide 
chains in solution with the worm-like chain model (WLC, 
also referred to as the Kratky-Porod chain model) [62]. The 
worm-like chain is a model chain with a persistence length 
that takes into account the local rigidity of the polypeptide 
chain. This rigidity accounts for the range of possible torsion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Normalized Kratky plots. The scattering pattern of globular proteins in a normalized Kratky plot exhibits a bell-shaped profile with 
a clear maximum value of 1.104 for qRg=!3, regardless of the size of the protein, and are all nearly superimposable in the q range 0<qRg<3. 
Conversely, for a random chain, the curve rises with increasing angle, to nearly reach a plateau between 1.5 and 2 and may further increase at 
q>0.2-0.3 Å-1, depending on the persistence length and the internal structure of the protein. Bell-shaped profile of a globular protein (PolX, 
blue line); curve of a protein consisting of several domains tethered by linkers with rather compact conformations (p47phox, dotted green line) 
or extended conformations (p67phox, continue red line); curve of a fully disordered protein with very short elements of secondary structure 
(XPC dotted grey line); and curve of a fully disordered and extended protein with short segments of polyproline repeats (salivary protein 
IB5, continue purple line).  
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Porod-Debye plot

• Porod-Debye plot: q4I(q) vs. q4

• Look at low-to-mid q region, just after first peak of Kratky plot

• Can help distinguish between globular and flexible systems when Kratky plot is 
indeterminant
• Use of q3I(q) vs. q3 (sometimes ‘SIBYLS’ plot) can also help

• A plateau in the plot indicates a compact globular domain with minimal 
conformational flexibility in the system
• Lack of a plateau can indicate full flexibility, or an extended object

scattering mass will not necessarily generate worrisome val-

ues in the method’s scoring function. In the most rigorous

experiments, SAXS and multi-angle light scattering experi-

ments are performed in tandem in order to accurately assess

the polydispersity and mass of the scattering particle.41 Such

detailed analysis is especially important for multimeric par-

ticles where an accurate determination of mass can help

choose the correct symmetry of the particle or guide the

composition of the starting atomistic model. Since V is a

SAXS derived parameter, which reflects the particle’s macro-

molecular volume, a statistical survey of empirical SAXS-

based protein densities can determine if a proposed particle

mass is consistent with the observed SAXS data.

Using existing SAXS data from 31 different protein sam-

ples, a histogram of protein densities show the most com-

monly observed values are within 0.9 and 1.0 g cm23, well

below the canonical value of 1.37 (see Figure 8). This is most

likely due to the larger number of proteins with flexible or

His-tagged extensions in our dataset. The next most likely

observed density occurs within 1.3 and 1.4 g cm23 encom-

passing the expected canonical value. With the exception that

hollow-like structures may lower the packing densities below

the empirically observed values, protein densities below 0.8

and above 1.5 are unlikely and may suggest under or over-

modeling of the particle’s expected mass.

Detecting under- and over-estimation of mass is illus-

trated with homomeric multi-subunit proteins GI, PYR1,

WRN, and catalase (Table II). dprotein calculations with a

varying number of subunits, n, will show a set of values that

fall within an acceptable range, indicating the likely number

of subunits constituting the particle (Table II). Consider GI,

calculation of dprotein using a 1 and 2 subunits result in

dprotein values that are unrealistically low suggesting the parti-

cle mass is under-estimated. Likewise, for 5 and 6 subunits,

FIGURE 7 Detecting conformational flexibility. (A) SAXS data
for the Mre11-Rad50 complex in the presence (black) and absence
(red) of ATP. SAXS scattering profiles transformed as a Kratky plot
does not confidently demonstrate flexibility (inset). (B) Porod-
Debye plot illustrating changes in the Porod-Debye region. Loss of
the plateau suggests Mre11-Rad50 complex becomes more flexible
in the absence of ATP. Transforming apo SAXS data by q3 ! I(q) vs.
q3 (inset) verifies the intensity decay is q23. Data was adapted from
Williams, G.J., Williams, R.S., Williams, J.S., Moncalian, G., Arvai,
A., Limbo, O., Guenther, G., SilDas, S., Hammel, M., Russell, P., and
Tainer, J. A., (2011) ABC ATPase signature helices in Rad50 link its
nucleotide state to the Mre11 interface for DNA double-strand
break repair, Nature SMB, accepted.

FIGURE 8 Histogram analysis of protein densities calculated
from SAXS data using 31 different proteins and conditions. For
each protein, V was calculated using PRIMUS limiting the data to
the Porod-Debye region. Distribution shows the most likely density
is 0.9–1.0 g cm23. The equation can be used to calculate a test den-
sity where n is the number of subunits in multimeric complexes.
For hetero-complexes, n is 1. Units of M, VPorod, and 1.66 are in Da,
Å3, and Å3 ! g cm23 Da21, respectively. SAXS data was taken from
http://www.bioisis.net.
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truncated dataset that removes most shape dependent scat-

tering (Figures 4C and 4D). SAXS measurements of GI using

eight different concentrations determine an average V of

210,000 (65,000) Å3 which imply a protein density (dprotein)

of 1.36 (60.04) g cm23, in excellent agreement with the

mean empirical density of proteins taken as 1.35–1.37 g

cm23.36,37 Applying the Porod-Debye law to the appropriate

range of scattering data now provides additional opportuni-

ties for interpreting SAXS experiments.

The Macromolecular Volume in Solution
GI is a prototypical scattering particle with a nearly spherical

tightly packed core displaying little flexibility in solution.

The macromolecular volume is simply the sum of the par-

ticle’s displaced volume and associated hydration shell. For

flexible particles in solution, this concept of the macromolec-

ular volume must be expanded to include the volumetric

space occupied by the flexible domain. Consequently, the

observed dprotein is expected to decrease reflecting the par-

ticle’s reduced packing density. This relationship is demon-

strated using SAXS data from an intrinsically unfolded pro-

tein. Experiments on RAD51AP1 (36 kDa) confirm the pro-

tein to be intrinsically unfolded with no defined Porod-

Debye plateau (Figures 5A and 5B). Attaching this domain to

a well-folded protein, maltose-binding protein (MBP) from

E. coli, created a biphasic 80-kDa scattering particle for

SAXS. Inspection of the Kratky and Porod plots reveal a par-

ticle with a defined Porod-Debye plateau and an associated V

of 145,000 Å3 consistent with a 120 kDa protein using dprotein
of 1.37 (Figure 5B). The attachment of the intrinsically

unfolded domain to MBP had the effect of increasing the

apparent macromolecular volume. Therefore, using a dprotein
of 1.37 over-estimated the mass of the scattering particle,

where the actual dprotein is 0.92 g cm
23

.

In addition, the determination of V for 12 previously

reported proteins varying in size from 8 to 118 kDa with

known flexible or 11 amino acid His-tagged N-terminal exten-

sions (Table I), determines a mean protein density that

decreased by 23% from 1.37 to 1.09 g cm23. In these protein

samples, the presence of the Porod plateau and increased par-

tial specific volume suggests the protein can be characterized

by at least two scattering volumes in solution: (1) a well

defined homogenous element composed of a folded domain,

and (2) a diffuse scattering volume created by the flexible

extension. This increase in the particle’s apparent macromo-

lecular volume would grossly overestimate the particle’s true

mass when assuming either the standard dprotein of 1.35–1.37 g

cm23 or when standardizing the I(0) measurements using a

protein standard such as glucose isomerase.38 Consequently,

an overestimated mass would lead to erroneous hypotheses

regarding the protein’s multimeric or thermodynamic state.
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Conformational Change
Previous SAXS studies on the abscisic acid binding (ABA)

protein PYR1 demonstrated conformational differences

FIGURE 5 SAXS with an exemplary intrinsically disordered do-
main Rad51 AP1. Data was collected for both rad51 AP1 (red) and
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truncated dataset that removes most shape dependent scat-

tering (Figures 4C and 4D). SAXS measurements of GI using

eight different concentrations determine an average V of

210,000 (65,000) Å3 which imply a protein density (dprotein)
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strated using SAXS data from an intrinsically unfolded pro-

tein. Experiments on RAD51AP1 (36 kDa) confirm the pro-

tein to be intrinsically unfolded with no defined Porod-

Debye plateau (Figures 5A and 5B). Attaching this domain to

a well-folded protein, maltose-binding protein (MBP) from

E. coli, created a biphasic 80-kDa scattering particle for

SAXS. Inspection of the Kratky and Porod plots reveal a par-

ticle with a defined Porod-Debye plateau and an associated V

of 145,000 Å3 consistent with a 120 kDa protein using dprotein
of 1.37 (Figure 5B). The attachment of the intrinsically

unfolded domain to MBP had the effect of increasing the

apparent macromolecular volume. Therefore, using a dprotein
of 1.37 over-estimated the mass of the scattering particle,

where the actual dprotein is 0.92 g cm
23

.
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IDP with and without globular MBP tag shows 
differences in unfolded vs. partly folded protein 
Kratky and Porod-Debye plots
Rambo and Tainer, 2011. DOI: 10.1002/bip.21638

Kratky plot looks relatively globular for both ATP 
bound and unbound. However, Porod-Debye plot 
shows lack of plateau with ATP unbound. Together 
indicates well folded but flexible domains



P(r) for flexible systems

• For fully disordered systems, P(r) is characteristically smooth, as it 
represent an average of a large number of possible conformations, which 
washes out distinct features

• Extended tail on P(r) function gives slow approach to Dmax

• Dmax can be hard to determine

• Rg, I(0) from P(r) usually larger than from Guinier
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average!over!the!ensemble!of!5,000!conformations!yields!a!featureless!curve!that!is!in!very!

good!agreement!with!the!experimental!data!(gray!circles).!(D)!p(r)!functions!computed!for!

the!7!conformers!and!the!complete!ensembles!in!the!same!color!code!that!in!panels!(A;C).!

!
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signal from the particles of interest. The resulting scattering
pattern is related to the overall shape and size of the particles
under investigation [22,23].

Due to the random orientations of the particles in solution the
scattering pattern is isotropic, and thus, the scattering pattern
recorded usually by a two-dimensional detector can be radially
averaged. The scattering intensity I is represented as a function
of momentum transfer s = 4psin h/k, where k is the beam
wavelength and 2h is the scattering angle:

IðsÞ ¼ hIðsÞiX ¼ hAðsÞA$ðsÞiX ð1Þ

here the scattering amplitude A(s) is a Fourier transform of the
excess electron density:

AðsÞ ¼ I½qðrÞ& ¼
Z

DqðrÞ expðisrÞdr; ð2Þ

where Dq(r) = q(r) ' qs, q(r) and qs being the electron density of
the particle and of the solvent, respectively, and h iX stands for

the spherical average. These isotropic scattering patterns are plot-
ted as radially averaged one-dimensional curves I(s) (Fig. 2A).

The advanced biological SAXS experiments are usually
conducted on synchrotron sources providing high brilliance
X-rays. All major synchrotrons like e.g. ESRF (Grenoble, France),
DESY (Hamburg, Germany), Diamond (Oxford, Great Britain), ANL
(Argonne, USA), SSRL (Stanford, USA) and Spring-8 (Himeji, Japan)
have beamlines optimized for biological SAXS experiments. Often,
good results can also be obtained with laboratory home X-ray
sources (e.g. fabricated by Rigaku or Bruker), which, although
yielding much lower flux than the synchrotrons, still have low
background allowing one to reliably measure the low angle
scattering signal. On synchrotrons the exposure times range from
fractions of a second to minutes and on home sources they can
be up to hours, whereas the amount of sample required for both
experiments is approximately the same.

In SAXS, one typically needs 10–100 ll of sample per measure-
ment, or a total of 1–2 mg of purified protein including a compul-
sory concentration series measurement (e.g. 1, 2, 5 and 10 mg/ml).

solution X-ray 
detector

2
θ

solvent
k1

k0

Scattered beam, k1 = 2π/λ

s = 4 π sinθ/λ

Primary X-ray beam, k0 = 2π/λ

s = k1 0- k

Fig. 1. Schematic representation of a SAXS experiment.

Fig. 2. Data simulated from three 60 kDa proteins: globular (dark blue), 50% unfolded (light blue) and fully disordered (gray). (A) Logarithmic plot of the scattering intensity I
(s) (in arbitrary units) vs. s (in inverse nanometres). (B) Distance distribution functions p(r) (in arbitrary units) vs. r (in nanometres). (C) Kratky plot s2I(s) vs. s. (D) Normalized
(or ‘‘dimensionless”) Kratky plot (sRg)2I(s)/I(0) vs. sRg.

A.G. Kikhney, D.I. Svergun / FEBS Letters 589 (2015) 2570–2577 2571
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 This alternative method to determine the radius of gyra-
tion and I(0) is interesting because it does not rely on any 
model (Debye or Guinier) and uses the entire scattering spec-
trum. The Rg inferred from this equation often yields slightly 
larger values than with the Guinier law [45] mainly because 
the Guinier law is less appropriate to describe an unfolded 
chain and often underestimates the radius of gyration of ex-
tended chains. It is therefore always interesting to compare 
the values of Rg obtained from these two methods. Finally, 
determining I(0) through the P(r) function allows one to 
cross-check the values obtained by the different methods and 
to ascertain the quality of the data. 

 It is worth noting that it may be interesting to confront 
the values of Rg and Dmax of an IDP. Whereas the radius of 
gyration is an average dimension of all the conformers in 
solution, the maximum diameter Dmax is inferred from the 
most extended conformations significantly present in solu-
tion. Thus the flexibility of linkers in bimodular cellulases 
could be assessed by comparing these dimensions for differ-
ent variants [60]. Cellulase Cel45 is composed of a catalytic 
domain and a small cellulose-binding domain whose struc-
tures have been solved. The dimensions of the full-length 
protein allowed a direct inference of the maximum distance 
of the linker within the protein and demonstrated that the 
linker was very extended. In a variant of Cel45 in which two 
amino acids of the linker were replaced by two prolines re-
sulting in a stretch of five consecutive proline residues, the 
maximum dimensions were the same as in the wild-type pro-
tein, whereas the radius of gyration, and thus the average 
dimensions of the variant with the polyproline stretch, were 
larger than those of the wild-type protein. The marked bi-
modal distance distribution function of the variant compared 

to the smoother shoulder observed in the P(r) function of the 
wild type cellulase (Fig. (1)) also indicated that the most 
extended conformations were more abundant in the variant, 
whereas the wild-type protein was more flexible and could 
adopt both compact and extended conformations. The profile 
of the distance distribution function and the dimensions that 
it provides therefore reveals much information on the com-
pactness, anisotropy, and flexibility of a protein. Clearly, 
only a thorough analysis of the scattering curve by using an 
ensemble of conformations (see below) provides quantitative 
information on the flexibility and distribution of conforma-
tions that the protein may adopt. Nevertheless, examining the 
P(r) function, Dmax, and Rg provides rapid information on the 
nature of the linkers and on the different subpopulations 
without any assumptions and thus guides the selection of a 
strategy for the further analysis of the scattering curves.  

3.3. The Kratky Plot 

 The Kratky plot is an extremely useful representation of 
the scattering intensity to quickly assess the globular nature 
of a polypeptide chain without any modeling. The Kratky 
plot plots the scattering pattern as q2I(q) versus q. The scat-
tering intensity I(q) of a globular protein with a well-defined, 
solvent-accessible surface follows the Porod law and de-
creases as q-4 in the large q region. As a result, the corre-
sponding Kratky plot exhibits a typical bell-shape with a 
well-defined maximum. Conversely, for a random chain, the 
scattering intensity has a limiting behavior of q-2 at high q, as 
indicated by the Debye law (Eq. 4). Therefore, the Kratky 
plot of a fully unfolded protein will exhibit a plateau in this q 
region, sometimes followed by an increase as q increases, 
depending on the local rigidity of the chain. Nevertheless, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Experimental P(r) functions of multidomain proteins. Experimental P(r) functions of the Humicola insolens cellulase Cel45 and 
variants: globular catalytic domain (red curve), catalytic domain and linker (blue curve), full-length Cel45 wild-type (green curve), and full-
length Cel45 with a proline mutation leading to a more rigid linker (black curve). The crystal structures of the catalytic domain (red) and the 
cellulose-binding domain (yellow) are represented in space-filling mode. The enhanced rigidity of the linker in the mutant Cel45 translates 
into a P(r) function with a well separated peak corresponding to the interdomain distances. (Figure adapted from [60]). P(r) functions for simulated globular, 50% 

unfolded, and natively unfolded proteins. 
Kikhney and Svergun, 2015. DOI: 
10.1016/j.febslet.2015.08.027

P(r) functions for a globular domain, 
a flexible linker, two domains plus a 
flexible linker, and a mutant with a 
rigid linker. Receveur-Brechot and 
Durand, 2012. 
DOI: 10.2174/138920312799277901

7 simulated conformers of an IDP, their P(r) 
functions, and the average P(r) of 5000 
conformers. Cordeiro et al., 2017. DOI: 
10.1007/978-981-10-6038-0_7

Globular Flexible linker

2 domains + 
flexible linker

2 domains + 
rigid linker



M.W. and density for flexible 
systems

• Flexible systems in solution occupy a larger volume, as measured by 
SAXS

• M.W. calculation that depends on volumes will tend to overestimate M.W. 
for flexible systems
• Porod volume methods
• M.W. estimated from 3D reconstructions

• If M.W. and oligomeric state of sample are known, can calculate observed 
particle density from Porod volume
• Proteins: ~1.36 g/cm3

• Globular proteins via SAXS: ~1.3-1.4 g/cm3

• Flexible proteins via SAXS: ~0.9-1.3 g/cm3

• M.W. differences for the volumetric methods vs. other methods, or a low 
calculated density in solution can indicate flexibility

Rambo and Tainer, 2011. DOI: 10.1002/bip.21638



Other indicators of flexibility

• Guinier fit may only extend to qmaxRg~0.8 (IDRs/IDPs)

• Flory exponent ν

• Defines relation between molecular size (Rg, end-to-end distance, average intra-residue 
spacing) and number of residues

• ν = 1/𝐷 (Porod exponent)
• Can be fit, assuming specific models for the system
• IDPs: ~0.5-0.6
• Globular: 0.33

• When doing reconstructions or rigid body modeling assuming 1 shape, results are 
characteristically extended, reconstructions show large volumes for flexible regions
• High NSD not necessarily sign of flexibility, nor do flexible systems necessarily have high NSD
• E.g. Reconstructing a two domain protein with flexible vs. fixed linker, flexible linker position 

not clearly visible

𝑅! = 𝑅"𝑁#

2005). The ubiquitin structure was used as a rigid entity,
and the conformation of the linker was optimized in order

to fit the synthetic data. Excellent agreement with the

SAXS curves was obtained (Fig. 1a). The ranges of v2

values obtained monitoring the quality of the fit are pre-

sented in Table 2. Therefore, in all cases a single confor-

mation was found which had the capacity to describe the
scattering profiles, even though they originated from

completely flexible proteins.

The most representative solution among the ten inde-
pendent runs is shown in Fig. 3 overlapped with the

average ab initio shape reconstruction. In all cases the

linkers presented relatively extended conformations. In
addition, ubiquitin domains appeared in all cases as inde-

pendent units and no interdomain contacts were observed.

As a consequence of these two observations, notably
elongated conformations were derived. Highly similar

structural models were obtained between the two modeling

techniques, as observed in Fig. 3. The structural divergence
among the independent solutions was monitored with the

average NSD value presented in Table 2. Although hNSDi
remained relatively low, BUNCH solutions presented
systematically larger divergence than the ab initio ones.

In addition, hNSDi values clearly increased with the pro-

tein size and the number of degrees of freedom, reaching
hNSDi = 1.31 for the penta-ubiquitin system. Close

inspection of the two most divergent BUNCH solutions for

penta-ubiquitin, NSD = 1.67, showed that the two most
external domains had coincident positions, and the three

internal domains presented translations within the general

envelope.
The effect of instrumental noise on the structure deter-

mination by rigid-body methods was studied by using a

synthetic curve with a threefold noise level (3X; see the
‘‘Methods’’ section). The quality of the fits was not

impaired (data not shown). Despite the lower quality of the

Table 2 Summary of the modeling parameters

DAMMIN BUNCH

v2 Rangea hNSDib hNSDi 3Xc v2 Rangea hNSDib hNSDi 3Xc

Di-Ubi 0.99–1.02 0.58 ± 0.01 0.54 ± 0.03 1.32–1.44 0.78 ± 0.01 0.82 ± 0.02

Tri-Ubi 1.15–1.21 0.57 ± 0.03 0.56 ± 0.03 1.35–1.51 0.89 ± 0.04 0.93 ± 0.02

Tetra-Ubi 1.11–1.38 0.64 ± 0.03 0.65 ± 0.01 1.24–1.42 1.17 ± 0.07 1.15 ± 0.06

Penta-Ubi 1.15–1.48 0.72 ± 0.02 0.76 ± 0.03 1.22–1.38 1.31 ± 0.04 1.46 ± 0.08

Asymm. 1.64–1.74 0.67 ± 0.03 N.A. 1.12–1.41 1.58 ± 0.09 N.A.

a Range of figure of merit, v2, from the ten independent calculations using synthetic curve with standard level of noise
b Average NSD among the ten independent structure calculations
c Average NSD among the ten independent structure calculations using the synthetic curve with a threefold increase of the level of noise

Fig. 3 Structural modeling of
the four highly flexible
polyubiquitin modular systems
simulated. Orthogonal views
of the superpositions of
the average ab initio
reconstructions (blue envelopes)
and most representative rigid-
body modeling solutions with
BUNCH (red envelopes) for
the a di-, b tri-, c tetra-, and
d penta-ubiquitin proteins
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data, the uniqueness of the optimal solution was maintained

for all systems, with hNSDi values very similar to those
obtained for the less noisy SAXS curves (Table 2). Not

surprisingly, the resulting structures were very similar to

those obtained for the standard data (results not shown).

Modeling modular proteins with domains of distinct

sizes: the asymmetric case

A synthetic modular protein comprising four domains of
different sizes was also simulated and modeled equiva-

lently to the polyubiquitin chains (see the ‘‘Methods’’

section). The overall size descriptors of the simulated
protein are shown in Table 1 (labeled ‘‘asymmetric’’).

Despite the presence of domains of different sizes, a single

conformation fitted the scattering profile in both structural
modeling strategies. However, slightly worse agreement

with the experimental curve was obtained for the ab initio

reconstructions (see the v2 ranges in Table 2). This
observation can be partially attributed to the larger overall

size of the system.

The averaged shapes obtained with DAMMIN displayed
a very homogeneous density. Consequently, the linker

regions and the different domains could not be unambig-

uously identified within the density (Figure S1 in Supple-
mentary Information). This situation was already observed

for flexible polyubiquitin chains and was not ameliorated

for the nonsymmetrical modular protein case.

Impact of interdomain dynamics on structure

determination

Shape reconstruction and rigid-body structural modeling

was performed on the scattering data derived from the
previously described static structures. Figure 4 shows the

shape reconstructions for the static structures overlapped

with the conformations used to calculate the synthetic data.
The resulting envelopes correctly described the size and

shape of the original structures. In all cases, thicker den-

sities were found along the structure, which were easily
assigned to the folded domains. This was confirmed when

overlapping the original structure, and excellent coinci-

dence with the ubiquitin domains was found. This obser-
vation is exemplified in the di-ubiquitin reconstruction

(Fig. 4a), a dumbbell shape where the two lobes were
connected through a thin line of density that correspond to

the rigid linker. This shape was compared with that derived

from the dynamically averaged ensemble that appeared as a
homogeneously thick density encompassing both folded

domains and the linker (Fig. 3a). In the tetra-ubiquitin case,

two high-density lobes were identified and assigned to two
di-ubiquitin units. Although less clearly, these lobes did not

have a homogeneous density but they did have a depression

in the middle that allowed the identification of the indi-
vidual ubiquitin domains. Ab initio reconstructions were

performed using the same procedure but using a shorter

momentum transfer range (s \ 0.3 Å-1); for the p(r) cal-
culation, see Figure S2 in Supplementary Information. The

same trends of enhanced resolution with respect to these

obtained from the dynamically averaged scattering profiles
were also observed.

Ten independent rigid-body structures were also

obtained in the static scenario with BUNCH. An excellent
fit to the SAXS curves was obtained, as observed in

Fig. 1c. The resulting structural models present were

compared with the original structures, showing hNSDi of
0.85, 0.99, 1.32, and 1.53 for the di-, tri-, tetra-, and penta-

ubiquitin systems, respectively. These values of hNSDi
indicate high similarity to the original structure used to
generate the data. These results emphasize the reliability of

Fig. 4 Ab initio shape
reconstructions (blue envelopes)
calculated from synthetic
scattering profiles derived from
rigid conformations (red
envelopes) of a di-, b tri-, c
tetra-, and d penta-ubiquitin
models that have Rg of 22.82,
30.85, 37.30, and 43.20 Å
respectively

Eur Biophys J (2010) 39:769–780 775
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Bernado, 2010. DOI: 10.1007/s00249-009-0549-3



So is my system flexible?

• Indicators of flexibility can be caused by something else
• Smooth I(q): particular protein shape
• Porod exponent < 4: particle shape, poor fitting
• Plateau or increase in dimensionless Kratky plot: shape of macromolecule (e.g. more 

anisotropic), poor background subtraction
• No plateau in Porod-Debye plot: shape of macromolecule
• Smooth P(r): particular protein shape
• Extended tail on P(r), Dmax hard to determine: aggregation
• Rg, I(0) from P(r) larger than Guinier: poor determination of Dmax

• Overestimates of M.W.: Wrong oligomer or aggregate in solution, inherent uncertainty in 
M.W. methods (usually ~10%)

• Narrow Guinier range: aggregation/repulsion
• Flory exponent: poor fitting, bad choice of model
• Extended reconstructions or rigid body models: Poor reconstructions (e.g. with high 

ambiguity), actual extended particle shape

• Should always combine several different indicators to make statement about 
flexibility
• Determining flexibility from SAXS requires preponderance of evidence

• Eliminate other possibilities, such as using P(r) shape to rule our extended rigid shapes vs. 
flexibility in normalized Kratky plot, good Guinier to discount aggregation



Analyzing flexible systems

• Flexible systems do not exist in a single conformation in solution

• Analysis can address what range of conformations are in solution, in 
some cases what an average conformation may look like

• Ensemble methods for analysis describe set of possible conformations, 
set of actual conformations in solution

• Single conformation methods may describe an average conformation, 
should only be used for tightly peaked ensembles
• Bead models incorporate no flexibility, can be useful for determining relative 

position of folded and flexible regions (Receveur-Brechot and Durand, 2012. 
DOI: 10.2174/138920312799277901)

• CORAL, BUNCH (ATSAS) fit flexible linkers to known folded domains/subunits, 
usually result in a model that is close to size of the average conformation in the 
ensemble (Bernado, 2010. DOI: 10.1007/s00249-009-0549-3)

• Cannot describe the full range of conformations, so proceed with caution or not 
at all!



Ensemble analysis

• Flexible systems sample a large number of conformations, so ensembles of conformations are the most 
appropriate way to represent the state in solution

• Ensemble analysis methods use the following approach:

1. Computational generation of a large ensemble describing the conformational landscape available to the protein
2. Computation of theoretical SAXS profiles from the individual conformations

3. Selection of a sub-ensemble of conformations that collective describes the experimental profile
(Cordeiro et al., 2017. DOI: 10.1007/978-981-10-6038-0_7)

• Several different programs exist for ensemble analysis:
• ASTEROIDS
• Basis-Set Supported SAXS (BSS-SAXS)

• Bayesian Ensemble SAXS (BE-SAXS)

• Broad Ensemble Generator with Re-weighting (BEGR)
• Ensemble Optimization Method (EOM, ATSAS)

• Ensemble Refinement of SAXS (EROS)

• ENSEMBLE
• Minimal Ensemble Search (BilboMD-MES)

• Maximum Occurrence (MAX-Occ)

• MultiFoXS
• SASSIE

• Probably more . . .

• Programs differ in how main ensemble pool is generated, how profiles are calculated, how sub-ensemble is 
selected



EOM

• Ensemble Optimization Method (EOM) from the ATSAS package was the 
original approach, remains the most widely used method

by analyzing degrees of freedom of the main chain's
dihedral angles from specified flexible residues. Next,
the calculated SAXS profiles of each sampled conforma-
tion are evaluated in a scoring function. The available
programs for ensemble modeling are summarized in
Table 1 .
Polydispersity, due to the presence of more than one

(otherwise well behaved and properly folded) macromole-
cules, is unrelated to flexibility but also requires special
analysis. OLIGOMER [21 ] can be used to analyze a
mixture of macromolecules and to elucidate individual
volume fractions if the scattering profiles of every
component are available. If the number of scattering
components is unknown, methods, such as singular value
decomposition (SVD) or principal component analysis
(PCA) may help to estimate this value.

Applications

Below, several recent applications of SAXS to
study different types of systems are presented, to
illustrate its possibilities for the quaternary structure
analysis of proteins and complexes and also for the
characterization of mixtures and flexible systems.
Other relevant publications may be found in the
recent review by Brosey and Tainer [78].

Quaternary structure analyses

SasG from Staphylococcus aureus is an elon-
gated protein and forms fibers on the bacterial

Fig.3. Schematic representation of EOM's mode of operation.
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EOM – Generating a pool of 
structures with RANCH

• Pool generation requires:
• Realistic and adequate sampling of conformational space
• Produce feasible models (e.g. avoid steric clashes)
• Incorporate high resolution information if available
• Without a good starting pool, EOM results will not be valid

• Uses an algorithm based on bond vs. dihedral angle distribution represented by Cα-
Cα Ramachandran plot
• Allows generation of models resembling chemically denatured or natively unfolded proteins

• Can incorporate high resolution information for multiple domains, with either fixed or 
free positions

• Oligomers can be generated via symmetry operations
IUCrJ (2015). 2,  doi:10.1107/S205225251500202X        Supporting information, sup-3 

 

 

Figure S1 Distribution of Cα backbone bond vs. dihedrals angles for native (left) and random (right) 

generation. Maps for the native and random Cα-Cα distributions where constructed from selected PDB 

entries according to (Kleywegt 1997), using the entire sequence for the native case and unstructured 

sequence regions for the random case to represent completely denatured proteins or random coils.  

 

 

Figure S2 Graphical illustration of the usage of entropy as measure of flexibility. (A) Measure of 

the entropy for theoretical distributions. (B) Extreme theoretical case where the use of entropy alone 

would lead to a wrong interpretation of the flexibility. 

  

Tria et al., 2015. 
DOI: 10.1107/S205225251500202X



EOM – Generating a pool of 
structures with RANCH

• Generates flexible structures from a single sequence

• No multi-chain proteins unless generatable through symmetry operators

• If protein consists of known folded domains, can input one or more high resolution structures (.pdb)

• Input structures are kept fixed, any amino acids not in the high resolution structures are allowed to move

• So delete any flexible loops/linkers from input structures if they have been modeled in

• Input high resolution structures and input sequences must match exactly, amino acid by amino acid

• If there are gaps in your input .pdb file (e.g. missing flexible loop) you must split the structure into multiple .pdb 
files around those gaps

• Sequence should also exactly match the sample, including tags and post-translational modifications

• Can constrain symmetry, add known distance constraints/contacts

• Can pick between different structure types for pool generation:

• Random-coil (default) - CA dihedral angle distribution consistent with chemically denatured proteins

• Native-like (recommended) - CA angle distribution consistent with disordered proteins
• Compact-chain – CA angle distribution consistent with disordered proteins, forces more compact linkers

• Default is to generate 10,000 models, I prefer 50,000

• Do a test run first with ~100 models to make sure settings are correct. Save the generated models and open a few 
in PyMOL or similar to see if reasonable conformations are being generated



EOM – Selecting a sub-
ensemble with GAJOE

• A genetic algorithm is employed to select a sub-ensemble
1. Select 50 (default) sub-ensembles of structures

• Number of structures in an ensemble can be dynamically selected by program. Usually 5-20.

2. Generate 100 new sub-ensembles by:
1. Replacing 20% of structures in each sub-ensemble with structures from pool or other sub-

ensemble

2. Exchanging at least 2 structures between two randomly chosen sub-ensembles

3. Calculate fit for each of the 150 sub-ensembles against data
4. Select the 50 best fit sub-ensembles
5. Repeat the steps 2-4 1000 (default) times and take the final best fitting sub-ensemble

• The genetic algorithm is run multiple times to generate a final sub-ensemble:
• Repeat the entire sub-ensemble selection process, steps 1-5, 100 (default) times
• Combine all the best sub-ensembles from all 100 runs into a single final sub-ensemble
• Calculate the scattering profile, Rg, Dmax, Volume, and average Cα-Cα distance distributions 

for this final sub-ensemble. This represents the conformational space accessed by the protein 
in solution

• The genetic algorithm also outputs the structures in the single best fit sub-ensemble 
• One the small ~5-20 member sub-ensembles output from a single refinement of the genetic 

algorithm, steps 1-5
• Does not represent every possible state in solution, just a few representative conformations. 

Do not over interpret these structures!



EOM – Selecting a sub-
ensemble with GAJOE

• GAJOE can use a pool of structures generated by RANCH (typical) or by another 
program

• Multiple pools of structures can be used
• E.g. combining monomer and dimer pools
• Generally not recommended

• Make sure to specify a sufficient number of spherical harmonics for calculating the 
scattering profile of each structure
• 15 (default) fine for compact structures. Large particles, like IDPs, should use more
• Can test by generating a few structures, calculating their profiles with CRYSOL with different 

numbers of harmonics and seeing if the profile changes

• I typically run GAJOE 10 independent times, compare the results to make sure the 
algorithm has sufficiently converged

• EOM can be run as a single command (eom), or RANCH and GAJOE can be run 
separately.
• GAJOE can be re-run on the same pool without rerunning RANCH



EOM - Results

• Main EOM output is the Rg, Dmax, and Volume distribution of the selected 
ensemble

• Comparison to the distributions from the full pool of conformational space 
allows you to make statements about degree of flexibility of the protein

Comparison of selected ensemble vs. pool values shows that CA IX’s PG 
domain (an IDR) adopts primarily compact conformations close to the 
folded catalytic domain. Sample ensemble structures shown on the right.

Koruza et al. 2020, DOI: 10.3390/ijms21155277



EOM - Results

• EOM also provides some advanced metrics of flexibility

• Rflex is a quantification of the flexibility of a pool (either total or 
selected ensemble)

• Allows quantification between flexible and rigid systems

• Rσ is the ratio of the standard deviation of the selected ensemble and 
pool

• Close to 1 when selected ensemble describes a fully flexible system 
and reproduces the conformational space of the pool

• If the Rflex of the selected ensemble is smaller than that of the pool, 
we expect Rσ < 1

• If the Rflex of the selected ensemble is larger than that of the pool, 
we expect Rσ > 1

• If the Rflex of the selected ensemble is significantly smaller than that 
of the pool, and Rσ > 1, may be a problem with the EOM result

• There is currently a bug in the EOM calculation of Rσ, it is 
significantly off (e.g. 4.5 vs. 1.1 for a recent EOM run I did). Until 
ATSAS 3.0.3 is released Rσ should be recalculated directly from the 
output EOM distributions!

tions of multiple distinct particle species. In such cases, when
complementary methods provide additional information on
the components and/or assemblies present, multiple pools can
be generated for each species (e.g. monomer, dimer,
tetramer). These pools can be obtained externally or gener-
ated by EOM 2.0, and compose an expanded search space. If
warranted (e.g. based on analytical ultracentrifugation data),
the percentage of models selected from each pool may be
defined prior to optimization. Care must be taken with the
interpretation of such an analysis as the systems containing
multiple species are yet less determined compared to those
with only conformational polydispersity. Supporting infor-
mation from other sources is often required to draw mean-
ingful conclusions from the analysis of multiple pools (see x5).

3.5. Measures of flexibility, Rflex and Rr

The major result of EOM analysis are the distributions of
low-resolution structural parameters (Rg and Dmax), which

describe the flexibility of the system. These distributions are
obtained by averaging multiple runs of the GA (Bernadó et al.,
2007) and encode information about the states assumed by the
particles in solution. They can be described as probability
density functions S = (X;P), where P = (p1; . . . ; pn) is the
probability ascribed to the interval X = {x1; . . . ; xn} such that

Pn

i¼1

p xið Þ ¼ 1: ð4Þ

The characteristics of the selected ensemble are compared to
those displayed by the pool allowing one to assess the flex-
ibility of the system. Previously, decoding of this information
was left to the visual perception of the user leaving room for
potential misinterpretations; here we introduce a quantitative
measure utilizing the concept of information entropy.

The entropy Hb(S) (Shannon & Weaver, 1949)

HbðSÞ ¼ $
Pn

i¼1

pðxiÞlogb½pðxiÞ&

with logb½pðxiÞ& ¼ 0 if pðxiÞ ¼ 0 ð5Þ

can be conveniently applied to enable a quantitative char-
acterization of EOM size distributions (see the supporting
information for further details). Indeed, a protein showing a
broad Gaussian-like distribution of parameters, where it is
assumed the disordered regions move randomly in solution,
can be viewed as a carrier of high uncertainty. Here, Hb(S)
tends to $1, which is expected to be close to the Hb(S)
calculated for the pool. Conversely, a protein with a narrow
size distribution (a scenario where the particle exhibits limited
flexibility) provides low uncertainty, with Hb(S) tending to 0.
Consequently, the distributions, i.e. uniform [Hb(S) = $1] and
single value [Hb(S) = 0], are then considered as representa-
tions of extreme, albeit theoretical, cases of maximal flexibility
and complete rigidity, respectively. The information content,
or entropy, can therefore be used as a quantitative measure of
flexibility (Figs. 3a, 3b) with a metric we define as Rflex2 [0,1]:

Rflex ¼ $HbðSÞ: ð6Þ

Using Rflex, the selected ensemble distribution can be
numerically compared to that of the pool, the latter repre-
senting a reference for flexibility. For convenience, Rflex can be
reported as a percentage in the range 0 to 100%, with Rflex =
100% indicating maximum flexibility. This convention will be
followed here.

The Rflex metric allows one to quantify the difference
between flexible and rigid systems; it is especially useful in
conjunction with the additional metric R!:

R! ¼
!S

!P

ð7Þ

where !S and !P are the standard deviations for the distri-
butions of the selected ensemble and of the pool, respectively.
R! indicates the variance of the ensemble distribution with
respect to the original pool, yielding values close to 1.0 when
the ensemble distribution describes a fully flexible system and
largely reproduces the conformational space of the pool.
Therefore, in cases where Rflex is smaller than that of the pool

research papers
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Figure 3
Qualitative characterization of particle flexibility from various character-
istic Rg distributions. (a) Pool (black), which represents the case of
complete randomness; EOM(1) (purple), EOM(2) (orange), EOM(3)
(pink) and EOM(4) (dark green) which represent the real outcome of
independent EOM 2.0 runs in terms of Rg distributions; uniform (cyan),
compact (light blue), bimodal (red) which represent extreme (theore-
tical) cases. (b) Hb(S) values computed from the distributions in (a). (c)
Combination of Rflex values for all the distributions (and compared to the
threshold of randomness computed from the pool, in brackets, ( 89%)
with the associated R! values. The last example (red curve) indicates a
potentially inconsistent result.

Different distributions, and their 
Rflex and Rσ values. Pool 
represents complete randomness.

Tria et al., 2015. 
DOI: 10.1107/S205225251500202X



EOM – Example 1

• Tesmer lab (Purdue) studies P-Rex1, 
a possible therapeutic target for 
cancer, neurological disorders, 
inflammatory diseases, and type 2 
diabetes

• Studying C terminal fragments 
DH/PH and DH/PH-DEP1 domain 
constructs as DEP1 may be 
autoinhibitory.

• Significant flexibility in linker 
between DH/PH and DEP1

• SAXS combined with other structural 
and biophysical techniques was able 
to show that the DH/PH-DEP1 
construct adopts significantly 
compact shapes in solution, most 
likely attributable to interaction 
between DH/PH and DEP1

• Based on this association, proposed 
a mechanism for inhibition

Ravala et al., 2020. DOI: 10.1074/jbc.RA120.014534



EOM – Example 2

• Pollack lab (Cornell) studies nucleosome 
dynamics

• Interested in DNA unwinding from the histone 
core, essential for transcription, replication, 
and repair

• Carried out time resolved contrast matching 
SAXS to study dynamics of unwinding

• Each measured timepoint contains a 
continuous distribution of different unwinding 
states, had to be fit with an ensemble

• Generated a pool of candidate structures 
using custom methods, carried out ensemble 
selection using GAJOE at each time point

• Additional SAXS data from equilibrium 
conditions at different unwinding stages, 
FRET data used to verify results

• Put together kinetic picture of DNA states 
during unwinding

population after 5 min (assessed from manual mixing experiments).
The presence of two converging pathways was further confirmed
by running another ensemble analysis algorithm: the minimal en-
semble search (Supporting Information) (30).
To generate the kinetic pathway for complete disassembly, the

DNA structures selected by EOM were binned into general
classes of DNA structures (Fig. S3B) and incorporated into the
kinetic scheme shown in Fig. 5C.

Kinetics of NCP Core Opening and Sequential H2A–H2B Dimer Release.
FRET measurements that monitor the dissociation of H2A–H2B
histone dimers from the octamer (15) provide complementary
information to augment the DNA structures shown in Figs. 4 B
and C and 5B. This system exploits unique Trp donors on the (H3–
H4)2 tetramer and acceptors on the H2A–H2B dimers, in-
corporated through modification of single Cys residues with
IAEDANS (abbreviated CA). Because the NCP contains two
copies of each core histone protein, each NCP contains two donors
(D and D′) and two acceptors (A and A′). The sites for the FRET
pairs (H3-78W donor to H2B-109CA acceptor) were chosen so
that each FRET pair (i.e., the D–A and D′–A′) contributes ∼50%
to the overall FRET signal (Fig. 6A), with minimal contribution
from the other possible FRET combinations (D–A′ and D′–A).
Details of the FRET pairs and their influence on nucleosome
stability have been thoroughly investigated in ref. 15. Previous
FRET-based studies have mostly focused on DNA unwrapping
through the incorporation of FRET pairs between different posi-
tions on the DNA (16, 17) or between the DNA and histones
(7, 8). The advantage of this protein–protein FRET system is that
it allows for unambiguous detection of H2A–H2B dimer release.
As shown in Fig. 1, equilibrium studies have identified at least

three key intermediates that are populated at increasing NaCl
concentrations: an open intermediate, the hexasome, and the tet-
rasome. To assess the relevant time scales for histone dissociation,
NCPs were rapidly shifted from ∼0 M into solutions with final
NaCl concentrations that ranged from 0.7 to 2 M NaCl. In this
survey of [NaCl] dependence, the data were fit to a sum of ex-
ponentials and two major kinetic phases were observed for the loss
of FRET (for details, see Supporting Information and Fig. S4).
These phases were assigned to the formation of the hexasome and
tetrasome (supported by native gel electrophoresis of NCPs in-
cubated at 1 M NaCl for varying times) (Fig. S5). There was evi-
dence of a faster, minor kinetic phase (10–20% amplitude), on the
100 ms to 3-s time scale. However, this phase could not be
quantitatively analyzed by the experimental approaches used in
this survey of NaCl conditions.
The relaxation times for the two major phases decrease mono-

tonically, in a parallel pattern, with increasing NaCl concentrations
(Fig. S4). First, a monotonic decrease demonstrates that the kinetic

pathways for dimer dissociation is relatively smooth across NaCl
concentrations, which favor partial disassembly to the tetrasome
below 1.5 M and complete disassembly above 1.8 M. Thus, SAXS
and FRET studies at two NaCl concentrations (1.2 M and 1.9 M)
should provide a consistent kinetic model for NCP dissociation,
with the caveat that intermediates are likely to be more stably
populated at the lower NaCl concentration. Second, the parallel
NaCl dependence of these two major kinetic phases suggests that
their transition states involve disruption of similar macromolecular
interactions. Thus, these kinetic phases likely reflect similar reactions

Fig. 3. Overview of the ensemble optimization method (EOM) used for determining structures. Ensemble optimization (step 3, red box) requires SAXS profiles
(step 1) and a pool of DNA structures (step 2) that contains a large number of possible conformations. First, the theoretical SAXS profile for each structure in the
pool is calculated using CRYSOL (step 3, Left). A genetic algorithm (GAJOE) randomly selects subsets of these structures, called ensembles, for comparison with the
input SAXS data (step 3, Right). Structures from the best-fitting ensembles are propagated into the next generation of ensembles along with some new structures,
and this process is repeated (10,000 times) until convergence is achieved. The entire ensemble optimization process is repeated (100 times) to confirm
reproducibility and the final ensembles that best represent the data are used to generate histograms of the radius of gyration and to determine the most
representative structures for the SAXS profiles (step 4). The example fit and results shown are for the 300-ms time point of NCPs in 1.2 M NaCl under contrast-
matched conditions (proteins “invisible” in 50% sucrose).

Fig. 4. DNA structures selected by EOM analysis of TR-SAXS data for NCPs
dissociated in 1.9 M NaCl and 50% sucrose. (A) Rg(t) histograms for DNA
structural models selected by EOM. Regions highlighted in red, green, and
blue correspond with the fully wrapped, intermediate, and extended states,
respectively. (B) Models that best represent the measured SAXS profile for the
initial wrapped state (red) and final extended state (blue). (C) Models that best
represent the intermediate states as a function of time. Red dots indicate the
dyad axis or superhelical location zero (SHL 0). Numbers in the parentheses
reveal the range of SHLs (number of turns where the major groove faces the
histone, every 10 bp) contained within the curved portions. Percentages show
the weights of the species out of the total population at the indicated time
point. Under high-salt conditions where complete dissociation of 601-NCPs is
favored, multiple partially unwrapped intermediates are populated.

336 | www.pnas.org/cgi/doi/10.1073/pnas.1611118114 Chen et al.

Chen and Tokuda et al., 2017. DOI: 10.1073/pnas.1611118114



Summary

• SAXS is a powerful tool for studying flexible systems in solution
• One of the few methods that can quantitatively characterize partially disordered 

or completely disordered macromolecules

• Use multiple indicators to determine whether a system is flexible
• Other effects, such as aggregation or extended overall shape can show same 

effects on profile and parameters as flexibility

• Use ensemble analysis to inform about overall set of conformations 
sampled in solution by your system
• Rarely if ever is it appropriate to discuss a single state of the flexible system in 

solution

• EOM in the ATSAS package is the most common tool, but many others 
are available



References

• Overviews:
• Brosey, C. A. & Tainer, J. A. (2019). Curr. Opin. Struct. Biol. 58, 

197–213.
• Kikhney, A. G. & Svergun, D. I. (2015). FEBS Lett. 589, 2570–2577.
• Receveur-Brechot, V. & Durand, D. (2012). Curr. Protein Pept. Sci.

13, 55–75.
• Bernadó, P. & Svergun, D. I. (2012). Methods in Molecular Biology, 

Vol. 896, pp. 107–122.
• Rambo, R. P. & Tainer, J. A. (2011). Biopolymers. 95, 559–571.
• Bernadó, P. (2010). Eur. Biophys. J. 39, 769–780.

• EOM:
• Bernado, P., Mylonas, E., Petoukhov, M. V, Blackledge, M. & 

Svergun, D. I. (2007). J. Am. Chem. Soc. 129, 5656–5664.
• Tria, G., Mertens, H. D. T., Kachala, M. & Svergun, D. I. (2015). 

IUCrJ. 2, 207–217.


