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What do you see?

Ando, et al. (2012). JACS, 134(43), 17945–17954.
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Outline

• Why use SAXS?

• Scattering theory

• Basic interpretation of SAXS data

• Experimental requirements

• An advanced example: ribonucleotide reductase

• Variations
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Is this you?

• I have a protein that won’t crystallize.

• I have a crystal structure, but I want to know what forms in 
solution.

• I want to know the oligomerization state or the stoichiometry 
of a complex.

• I want to know what happens to my protein in the absence or 
presence of a cofactor or substrate.

• I want to know if my samples are properly folded.

• I want structural information on my protein under the same 
conditions used for activity assays.
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SAXS probes nanometer length scales

Samples:
• biomolecules in solution
• lipid membranes
• cellular organelles
• polymers
• emulsions
• liquid crystals
• alloys
• fibers

incident X-rays

scattered X-rays
detector

sample
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SAXS probes nanometer length scales

incident X-rays
sample

scattered X-rays
detector

8-12 keV (λ = 1-1.5 Å)

~1-2 m

10-40 μL, 1-3 mm

Samples:
• biomolecules in solution “solution SAXS”, “bioSAXS”

~0-2°

Information:
• mass, spatial size
• foldedness, packing, flexibility
• overall shape
• stoichiometry and shape of complexes
• conformational changes and #states as 
functions of time, ligands, solution conditions
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Part 1: Basic Theory
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Scattering angles

elastically
scattered X-ray

θ θ

incident X-ray

By crystallography conventions, the scattering angle is defined as 2θ.
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Scattering angles

elastically
scattered X-ray

2θincident X-ray

By crystallography conventions, the scattering angle is defined as 2θ.

q scattering vector
(momentum transfer)
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Scattering from a single electron

free electron

E

B

 

!
k0 =

2π
λ
k̂

k

Incident X-ray is a plane wave with wave vector,

Electric field component of plane wave at electron position, r :

 E(
!r ,t) = E0e

i(
!
k ⋅!r−ωt )

 
!
F = q

!
E

Driving force:
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Scattering from a single electron

incident X-ray scattered X-ray

 

!
k =
!
k0Scattered X-ray is a spherical wave with wave vector,

Thomson scattering: Elastic scattering from free electron

Ielec = Eelec
2 = E0

2 e2

4πε0c
2m

⎛
⎝⎜

⎞
⎠⎟

2
1+ cos2 2θ

2
⎛
⎝⎜

⎞
⎠⎟
1
R2

incident
intensity

polarization
factor

spherical
wave
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Scattering from a single electron

incident X-ray scattered X-ray

 

!
k =
!
k0Scattered X-ray is a spherical wave with wave vector,

Thomson scattering: Elastic scattering from free electron

Ielec = Eelec
2 = E0

2 e2

4πε0c
2m

⎛
⎝⎜

⎞
⎠⎟

2
1+ cos2 2θ

2
⎛
⎝⎜

⎞
⎠⎟
1
R2

Scattering dominated by electrons:
(me /mp)2 ~ 3 x 10-7 ≈1 at small angles
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Scattering from a pair of electrons

second electron

incident X-ray scattered X-ray
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Scattering from a pair of electrons

incident X-ray
interference
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Scattering from a pair of electrons

2θ
k0

k

incident wave vector

scattered wave 
vector

q

q = 4π
λ
sinθ

Elastic scattering:
 

!
k =
!
k0 = 2π

λ
Derive:

(homework)
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Scattering from a pair of electrons

2θ
k0

k

incident wave vector

scattered wave 
vector

q

q = 4π
λ
sinθ

Elastic scattering:
 

!
k =
!
k0 = 2π

λ
Derive:

(homework)

s = 2
λ

sinθ ,

where q = 2πs

Another notation:

units are 1/Å or 1/nm for both q and s; define notation in publications
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Scattering from a pair of electrons

q
2θ

k0

k
r

incident wave vector

scattered wave 
vector

At small angles and far field (R >> r ), individual scattered waves 
have identical amplitudes.

Ielec = Eelec
2 = E0

2 e2

4πε0c
2m

⎛
⎝⎜

⎞
⎠⎟

2
1+ cos2 2θ

2
⎛
⎝⎜

⎞
⎠⎟
1
R2

⇒ constant

amplitude
squared
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Scattering from a pair of electrons

incident wave vector
2θ

q

k0

k
r

scattered wave 
vector

At small angles and far field (R >> r ), individual scattered waves 
have identical amplitudes... but they differ by phase shift, Φ.

 φ =
!
k0 ⋅
!r −
!
k ⋅ !r = − !q ⋅ !r

19Saturday, May 31, 14



Scattering from a pair of electrons

incident wave vector
2θ

q

k0

k
r

scattered wave 
vector

 
Epair (q) = wave 1 + wave 2 = Eelec e

iφ j

j=1

2

∑ = Eelec e
0 + Eelec e

− i!q⋅!r

At small angles and far field (R >> r ), individual scattered waves 
have identical amplitudes... but they differ by phase shift, Φ.
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Scattering from a protein (with n electrons)

incident X-ray

At X-ray energies far from binding energies (absorption edges), all 
electrons can be treated as if free.

 
E(q) = Eelec e− i

!q⋅!rj ∝
j

n

∑ ρ(!r )e− i
!q⋅!r d!r = F ρ(!r )[ ]

V∫
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Scattering from a protein (with n electrons)

incident X-ray

At X-ray energies far from binding energies (absorption edges), all 
electrons can be treated as if free.

 
E(q) = Eelec e− i

!q⋅!rj ∝
j

n

∑ ρ(!r )e− i
!q⋅!r d!r = F ρ(!r )[ ]

V∫
Scattering amplitude from a protein is the Fourier Transform of its 
electron density distribution, ρ(r ), in other words structure!!!
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Scattering from a uniform material (e.g. buffer)

incident X-ray

 
E(q)∝ρ e− i

!q⋅!r∫ d!r = ρ ⋅δ (!q − 0)

Scattering from a uniform material (constant ρ):

→zero everywhere except at zero-angle: q = 0
In other words, a uniform sample does not deflect X-rays!
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Scattering from proteins in solution

Scattering from N identical proteins under dilute conditions:

 
I(q)∝ N F ρ(!r )[ ] 2

Ω

Appears like the rotational average of a single protein.
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Scattering overview

single-sphere scattering solution SAXS crystal diffraction
[ESRF Sept. 2008 newsletter] [W. L. Vos, et al. Langmuir 1997][A. Finnefrock]
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Part 2: Basic Interpretation of SAXS Data
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protein_img
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Note: Buffer must be matched 
EXACTLY, and the profiles must be 
accurately normalized for decay in 
synchrotron radiation.
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Radius of gyration and the zero-angle intensity

I(q) = 4π P(r) sinqr
qr

dr
0

Dmax

∫

Rg
2 =

r2P(r)dr
0

Dmax

∫
2 P(r)dr

0

Dmax

∫

From rotational averaging, we can re-write:

Radius of gyration = root mean square distance of all electrons:

P(r) is the pair-distance distribution, a histogram of all distances in a 
protein.

The zero-angle scattering intensity (or forward scattering intensity) is a 
function of the number of electrons (n) and the constrast, Δρ:

I(0) = n /V (Δρ ⋅Vp )
2 ≈ f (mass)
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Interpretation of background-subtracted profiles
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Guinier approximation at
small angles (qRg <1.3):

Obtaining Rg and I(0) from Guinier analysis

Skou, et al. (2014) Nature Procols,in press.

I(q) = I(0)e−Rg
2q2 /3

ln[I(q)]= ln[I(0)]−
Rg
2

3
q2

I(q
)

q  (1/Å)
0

102

101

100

10-1

0.04 0.08 0.12

I(0)

Rg
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3.4

3.6

3.8

4.0

4.2

0 0.0005 0.001 0.0015 0.002
q2 (Å-2)

ln
(I)

slope = -Rg
2/3

vertical intercept = ln(I(0))

Obtaining Rg and I(0) from Guinier analysis

Skou, et al. (2014) Nature Procols,in press.

I(q) = I(0)e−Rg
2q2 /3

ln[I(q)]= ln[I(0)]−
Rg
2

3
q2

Guinier approximation at
small angles (qRg <1.3):

“Guinier plot”

Reviewers want to see a linear Guinier plot, which is an 
indication of high sample/data quality.
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Guinier plots are sensitive to aggregation

Skou, et al. (2014) Nature Procols,in press.

I(q) = I(0)e−Rg
2q2 /3

ln[I(q)]= ln[I(0)]−
Rg
2

3
q2

Guinier approximation at
small angles (qRg <1.3):
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Radiation damage manifests as aggregation, which leads 
to an upturn at low q.
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Re-plot as:
Iq2 vs q

Shape information from Kratky analysis
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q (Å−1)

I(
q)

(a
.u

.)

0 0.0025 0.005
−1

−0.5

0

q2 (Å−2)
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“Kratky plot”

Emphasizes the power-law dependence in mid-q region (~q -n) that 
contains information about foldedness, compactness, flexibility.

Ando, et al. (2008). Biochemistry, 47(42), 11097–11109.

folded, compact: n ~ -4 
random polymer chain: n ~ -2

extended polymer chain: n ~ -1

⟹ peak in P(r)     
⟹ plateau in P(r)
⟹ rise in P(r)
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Kratky plots are sensitive to background subtractions

Extreme examples of buffer mismatch:
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Skou, et al. (2014) Nature Procols,in press.

properly matched buffer
similar buffer with glycerol added
different buffer
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Pair-distance distribution function

Svergun & Koch (2003). Reports on Progress in Physics, 66, 1735–1782.

When Dmax is well-defined, 
gives: Rg, I(0), shape info

1746 D I Svergun and M H J Koch

3.2. Distance distribution function and particle anisometry

In principle, the distance distribution function p(r) contains the same information as the
scattering intensity I (s), but the real space representation is more intuitive and information
about the particle shape can often be deduced by straightforward visual inspection of p(r) [5].
Figure 5 presents typical scattering patterns and distance distribution functions of geometrical
bodies with the same maximum size. Globular particles (curve 1) display bell-shaped p(r)

functions with a maximum at about Dmax/2. Elongated particles have skewed distributions with
a clear maximum at small distances corresponding to the radius of the cross-section (curve 2).
Flattened particles display a rather broad maximum (curve 3), also shifted to distances smaller
than Dmax/2. A maximum shifted towards distances larger than Dmax/2 is usually indicative of
a hollow particle (curve 4). Particles consisting of well-separated subunits may display multiple

s, nm–1

Figure 5. Scattering intensities and distance distribution functions of geometrical bodies.
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about the particle shape can often be deduced by straightforward visual inspection of p(r) [5].
Figure 5 presents typical scattering patterns and distance distribution functions of geometrical
bodies with the same maximum size. Globular particles (curve 1) display bell-shaped p(r)

functions with a maximum at about Dmax/2. Elongated particles have skewed distributions with
a clear maximum at small distances corresponding to the radius of the cross-section (curve 2).
Flattened particles display a rather broad maximum (curve 3), also shifted to distances smaller
than Dmax/2. A maximum shifted towards distances larger than Dmax/2 is usually indicative of
a hollow particle (curve 4). Particles consisting of well-separated subunits may display multiple

s, nm–1

Figure 5. Scattering intensities and distance distribution functions of geometrical bodies.Dmax = maximum dimension

Rg
2 =

r2P(r)dr
0

Dmax

∫
2 P(r)dr

0

Dmax

∫

P(r) is  the inverse Fourier Transform of I(q) and represents a 
histogram of electron-pair distances in a protein.
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Fitting data to theoretical scattering

• CRYSOL from ATSAS package (Svergun group, EMBL)
• FoXS server (Sali group, UCSF)

Skou, et al. (2014) Nature Procols,in press.
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Ab initio shape reconstructions

Following P(r) analysis, a low-resolution 3D model can be 
reconstructed from SAXS data.

Skou, et al. (2014) Nature Procols,in press.

Repeat at least 10 times, align and average in damaver.

From ATSAS package:
• dammif
• dammin
• gasbor
• damaver
• supcomb
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Ab initio shape reconstructions are models

Volkov & Svergun (2003). J. Appl. Cryst. 36(3), 860–864.

J. Appl. Cryst. (2003). 36, 860±864 Volkov and Svergun 861

conference papers

 
Figure 1  

Scattering curves computed from the model bodies (circles) and fits by 
SASHA (dashed lines) and DAMMIN (solid lines). The numbers correspond 
to those in Figs. 2-5. The abscissae and ordinates of the individual curves are 
multiplied by appropriate scale factors for better visualization. 

 
Figure 2  

Shape determination of globular solid particles. Here and below, the models 
(from left to right) are: the geometrical body to be restored; SASHA envelope 
model (if applicable); one or two typical DAMMIN models; the two 
rightmost panels always display the results of DAMAVER: TSR (left)  and 
MPV (right). The models (except those with spherical shape) are displayed in 
two orthogonal views. All bodies are marked by successive numbers (left 
column) through Fig. 2 to 5. Structure proportions are indicated at the top of 
each geometrical body as ratio of diameter to hight (solid cylinders), ratio of 
edges (prisms), ratio of inner and outer diameters (hollow spheres), ratio 
inner diameter - outer diameter - hight (hollow cylinders). 

The search models employed in all Monte-Carlo based 
approaches are described by hundreds or thousands parameters (e.g. 
occupancy indices in bead modelling). Running these programs 
several times on the same data starting from different initial 
approximations may yield different final models, and the question 
arises, how reliable is the many-parameter approach. The authors of 
the shape determination programs usually present their successful
applications to simulated and practical examples. The present paper
is an attempt to explore limits of ab initio shape determination by 
performing model calculations on geometrical bodies to find out 
which shapes and structural details can and which cannot be reliably 
determined from the scattering data.  

3. Model calculations 

The geometrical bodies taken for the simulations differed by shape 
(spheres, cylinders and prisms) and anisometry. Elongated and 
flattened particles (ratio of length to width 1:C and C:1, respectively, 
1<C<10) and hollow particles with the ratio of the inner radius to the 
outer radius 0.33 < r/R < 0.66 were considered. Scattering patterns 
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862 Volkov and Svergun J. Appl. Cryst. (2003). 36, 860±864

were calculated using analytical equations (Feigin & Svergun, 1987) 
in the angular range covering about 15 to 18 Shannon channels (the 
width of a Shannon cnannel is s=π/Dmax (Shannon & Weaver, 
1949)). This ensured approximately the same information content in 
the simulated data for different shapes (Moore, 1980). The computed 
curves were used to reconstruct the shape ab initio using the 
simulated annealing program DAMMIN (Svergun, 1999), and, for 
the shapes without cavities, also using the envelope program 
SASHA (Svergun et al., 1996). The results provided by the ab initio 
programs were compared to the actual shapes. Both programs were 
run in batch modes using default answers without symmetry 
restrictions. For SASHA, multipole resolutiomn of L=6 was used; all 
DAMMIN calculations were made inside the search volume with 
diameter 1.05*Dmax; 'fast' mode was used for globular particles and 
'slow' mode for anisometric particles. 

 
Figure 3  

Shape determination of hollow globular particles. See annotation to Fig. 2 for 
details. 

The envelope determination technique (program SASHA) gives 
a single solution. In contrast, DAMMIN provides many solutions 
(spatial distributions of beads) for runs with different seeds for 
random number generator (i.e. with randomly generated starting 
models). Analysis of the DAMMIN solutions yielding nearly 
identical scattering patterns can serve as an indicator of the stability 
of the solution. For automated analysis of independent DAMMIN 
reconstructions, a program package DAMAVER was written based 
on the program SUPCOMB (Kozin & Svergun, 2001). The latter 
program aligns two arbitrary low or high resolution models  
represented by ensembles of points by minimizing a dissimilarity 
measure called normalized spatial discrepancy (NSD). For every 
point (bead or atom) in the first model, the minimum value among 
the distances between this point and all points in the second model is 
found, and the same is done for the points in the second model. 
These distances are added and normalized against the average 
distances between the neighboring points for the two models. 

Generally, NSD values close to one indicate that the two models are 
similar.  

 
Figure 4  

Shape determination of anisometric solid particles. See annotation to Fig. 2 
for details. 

For each model body, ten independent DAMMIN 
reconstructions were analyzed by DAMAVER as follows. The 
values of NSD were computed between each pair in the set and a 
mean value over all pairs <NSD> and dispersion (NSD) were 
calculated. For each reconstruction, the average value NSDk with 
respect to the rest of the set was computed and the reference 
reconstruction with lowest NSDk was selected. Possible outliers with 
NSDk exceeding <NSD> + 2 (NSD) were discarded. All the 
models except the outliers were superimposed onto the reference 
model using SUPCOMB and the entire assembly of beads was 
remapped onto a densely packed grid of beads where each grid point 
was characterized by its occupancy factor (the number of beads in 
the entire assembly that are in the vicinity of the grid point). The grid 
points with non-zero occupancy form a total spread region (TSR), 
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remapped onto a densely packed grid of beads where each grid point 
was characterized by its occupancy factor (the number of beads in 
the entire assembly that are in the vicinity of the grid point). The grid 
points with non-zero occupancy form a total spread region (TSR), J. Appl. Cryst. (2003). 36, 860±864 Volkov and Svergun 863

conference papers

and a portion of the TSR with higher occupancies was selected (most 
populated volume, MPV) to yield the volume equal to the average 
excluded volume of all the reconstructions.  The scattering computed 
from the MPV would not fit the experimental data but this model 
should preserve the most probable features of the solution.  

 
Figure 5  

Shape tetermination of hollow anisometric and acentric particles. See 
annotation to Fig. 2 for details. 

4. Results 

The scattering patterns from the model bodies are presented in Fig. 1 
along with the fits provided by the ab initio reconstructions (which 
were in most cases undistinguishable from the theoretical scattering 
patterns).  

Fig. 2 demonstrates that solid bodies with moderate anisometry 
(elongated particles up to 1:5 and flattened up to 5:2) can be reliably 

reconstructed from the scattering data. The shapes obtained by 
SASHA reasonably represent the overall anisometry, albeit 
displaying artificial features due to limited resolution of series (1). 
DAMMIN yields very stable reconstructions, which is reflected in 
the mean value <NSD> of about 0.4-0.7 for all these cases. Hollow 
globular models can also be well reconstructed (Fig. 3). For a hollow 
concentric sphere, even rather small voids with r/R = 0.33,  are 
clearly revealed, and the shape of a hollow cylinder with r/R = 0.5 is 
also neatly restored.  

Shape reconstructions of anisometric particles are less stable and 
reliable. For elongated bodies, anisometry 1:5 is limiting for SASHA 
whereas DAMMIN still represents an elongated particle with the 
ratio 1:10, but tends to provide a slightly bent shape, even after the 
averaging procedure (Fig. 4, bodies 9 and 10 , <NSD> = 0.5 and 0.6, 
respectively).  Flattened particles represent yet more difficult case, 
and starting from the anisometry 5:1, the shapes provided by 
SASHA are meaningless. The individual solutions from DAMMIN 
also show artifacts but for the anisometry 5:1 (Fig. 4, body 11), 
<NSD> = 0.75) the MPV reasonably well represents the flat initial 
shape. For the anisometry 10:1, the TSR is very large (<NSD> = 1.3) 
and even the MPV does not resemble a disk-shaped particle (Fig. 4, 
body 12).  

Elongated hollow particles with higher anisometry or narrow 
channels (Fig. 5, bodies 13,14) may also pose problems for the shape 
reconstruction. Although the DAMMIN solutions are stable (<NSD> 
about 0.45-0.65), the channels may appear  closed from one or both 
sides, in individual solutions and also in the MPV. Similar to what 
was observed for solid models, hollow flattened particles are even 
more difficult to restore: for different r/R ratios, the resulting shapes 
may show a helical turn instead of a hollow disk, even after the 
averaging (Fig. 5, bodies 15,16). Acentric voids in hollow spheres 
are only reconstructed if r/R is about 0.5 (Fig. 5, body 17); smaller 
voids are just "dispersed" inside the entire spherical volume (Fig. 5, 
body 18). For globular particles with small cavities, the <NSD> 
value may be small, (typically 0.4-0.6) indicating overall similarity 
of the models, but the details of the internal structure may 
significantly differ between the solutions. 

5. Discussion 

In the present study, we tried to find out simple geometrical shapes, 
which cannot be reliably restored from the small-angle scattering 
data. That is why we used relatively wide ranges of the scattering 
vectors and did not add noise to the simulated profiles. If a shape 
cannot be reliably restored under ideal conditions, it is unrealistic to 
hope and restore it ab initio from real experimental data without 
additional information. The bodies with sharp edges (cylinders and 
prisms) were deliberately taken instead of ellipsoids, because the 
edges are generally more difficult to reconstruct.  

 
We have performed extensive computations on geometrical 

bodies with different shapes, anisometries and internal cavities; this 
paper presents a selection of most representative results. The main 
conclusions from the model calculations are:  

(i) Flattened particles are generally more difficult to reconstruct 
than the elongated ones. The degree of anisometry for a reliable ab 
initio shape reconstruction should not exceed 1:10 and 5:1 for 
elongated and flattened particles, respectively. Not surprisingly, it 
was found that for anisometric particles the bead modeling is 
superior over the envelope determination technique. In general, it is 
advisable to check the particle anisometry, e.g. by finding a best-fit 
three-axial ellipsoid - the option provided, in particular, in the 
program SASHA - prior to running a shape determination program. 
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Great! But first, a warning...

Recall that scattering from N proteins under dilute conditions:

 
I(q)∝ N F ρ(!r )[ ] 2

Ω

As long as N>1, we must be aware of inter-particle interference.
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Concentration effects must be examined

Ando, Dissertation (2008) 
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Always, examine sample at multiple concentrations.

Report the Rg value extrapolated to infinite dilution (vertical 
intercept), where we can approximate “ideal-gas” like conditions.
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P(r) is extremely sensitive to inter-particle effects

being either too large or too small, respectively, and
thus bias any 3D modeling performed using the scat-
tering data.22 A linear Guinier plot is therefore nec-
essary, but not sufficient, for the accurate interpre-
tation of globular proteins, and good practice is to
always show it along with the secondary standards
that confirm the scattering particle has the expected
volume or mass (see below).

Another way to detect aggregation is in the
behavior of the P(r) function. Proteins do not have
hard surfaces, and as such, the distribution of longest
dimensions is expected to approach zero (at Dmax) in a
concave fashion as viewed from above the horizontal
axis [Fig. 3(G,J)]. An abrupt arrival of P(r) at zero
suggests that the chosen Dmax is artificially short.
Badly aggregated samples may give small peaks in

Figure 3. Effects of interparticle interference and aggregation on small-angle scattering data. It is often difficult to assess

sample quality from I(q) plots alone (A–C). Guinier plots (D–F) can be instructive, as deviations from linearity are clear

indicators of interparticle interference (E, orange) or aggregation (F, red). The P(r) presented with a single chosen Dmax (G–I)

can be deceptive, and it is possible that only severe aggregation is detected (I, red). Behavior of the P(r) at extended Dmax

values (J–L) gives the clearest indication of sample quality. It is important to note that the subtle cases (K, dark yellow and L,

magenta) may escape detection by these initial data inspection methods, and as such comparison of the data to secondary

standards is essential. In evaluating these differences of around 1 Å in Rg, it is important to note that such a difference is well

outside the precision with which Rg can be determined (generally to within a few tenths of Å for a small- to medium-sized

protein), and that this degree of inaccuracy will significantly bias any 3D modeling performed against the scattering data.
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good data repulsion aggregation
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extended,
difficult to 
determine

negative
well-defined

Jacques & Trewhella (2010). Protein Science, 19(4), 642–657.

I(q):

Guinier:

P(r):

41Saturday, May 31, 14



Part 3: Experimental Requirements
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What do you need for SAXS?

A protein stock solution:

•  Must be well characterized by other methods for high purity, 
conformational homogeneity, no aggregates.

• Must have accurately measured concentration (typically 1-10 
mg/ml required for good signal, but depends on MW).

• Typical sample volumes are only 10-40 μL, but you will do 
many measurements, so bring as much as you can.
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What do you need for SAXS?

Buffer solution:

• Almost all buffers useful for biochemistry are compatible.

• Should contain all ingredients needed for protein stability.

• Unless necessary, avoid adding excess of ingredients that can 
reduce contrast (e.g. >15% glycerol, excess metallocofactors).

• Most importantly, must be exactly matched to protein solution 
(use dialysate or elution buffer).
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What do you need for SAXS?

Equipment requirements: 

• X-ray source.

• Good PIN-diode beamstop to accurately measure 
transmission intensity.

• Good detector.

• Beamline and sample cell with low background scatter.

• Computers and software to process raw images and analyze 
processed data.
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What do you need for SAXS?

Good experimental technique:

• Document everything.

• Accurate pipetting.

• Be observant (watch detector images as they are generated, 
monitor flux, etc).

• Back up data, and don’t discard raw images.
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• Bruker NanoStar
• Anton Paar SAXSess
• Rigaku BioSAXS
• SAXSLab Ganesha

Laboratory anode-based X-ray generators
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Accelerate the charged particle in order to create a wave 
front in the electric field and induce a magnetic field.

Recipe for EM waves: charged particle supplies electric field

Synchrotron radiation
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Synchrotron: 5 GeV electrons move at .9999999 c.

• Relativistic beaming = highly intense, collimated beams.

• Spectrum of radiation = tunable wavelength source.

cyclotron synchrotron

Synchrotron radiation comes from relativistic charge

49Saturday, May 31, 14



Synchrotron: 5 GeV electrons move at .9999999 c.

• Relativistic beaming = highly intense, collimated beams.

• Spectrum of radiation = tunable wavelength source.

cyclotron synchrotron

Synchrotron radiation comes from relativistic charge

electron frame
lab frame
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linac

electron injection

booster
ring

storage ring

beamline

insertion device

bending magnet
focusing magnets

Elements of storage ring synchrotrons

bending magnet

quadrupole sextuple

wiggler undulator
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Access to synchrotron facilities

Most operate on a rapid-access proposal mechanism.

Many host SAXS workshops.

Get in touch with a beamline scientist.

Beam time:
• 1-2 day (for routine SAXS, beamline is set up by staff)
• ~1 week or more (for non-conventional SAXS)
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Cornell High Energy Synchrotron Source (CHESS)

CHESS

G-Line Floor Plan

wiggler

desks

SAXS beamline at synchrotron
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Experimental hutch

detector

vacuum flight path

sample cell

collimation optics

diode beamstop
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Outside of experimental hutch

counters

sample camera

data acquisition computer

scoreboard

data processing computer

sample making area
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Potential pitfall: Background subtraction

0.02 0.1 0.2 0.3
0

2

4

6

q (Å−1)

I(
q)

0.1 0.2 0.3
0.3

0.35

0.4

q (Å−1)

I(
q)

Protein signals at high q will be <0.5% of background level.

Need:
• exactly matched background solution
• very good detector and understanding of its limitations
• very good PIN-diode beamstop for accurate intensity normalization

Ando, et al. (2008) J. Appl. Cryst., 41, 167–175.
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CCD Detectors:
• Images should be 
corrected for intensity and 
distortion.
• Detector offset should be 
measured.
• Dark current images 
should be measured 
frequently.

Detectors

FLIcam detector @ CHESS

Note: If you can see a pattern in the detector image that is not from SAXS (e.g. 
faint shadows, stripes, sharp scattering, bright spots), then it will affect data.
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Detectors

Photon-counting Detectors:
• No image corrections, low read-out noise.
• Fast read-out.

PIlatus 100K-S @ CHESS
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Part 4: An Advanced Example
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RNR

ribonucleotides
(RNA precursors)

deoxyribonucleotides
(DNA precursors)

N

O

OHOH

HH

HH

(P)PPO (P)PPO
N

O

HOH

HH

HH

Example: Ribonucleotide reductase (RNR)

Ando, et al. (2011). PNAS, 108(52), 21046–21051.
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β2

α2

+

Active complex,
probably α2β2

Inactive complex,
probably α4β4

dATP

Catalytic mechanism requires long-range radical transfer 
between β2 and α2. Allosterically inhibited by dATP.

Two subunits form at least two unknown complexes.
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A. Purity, molecular weight,
hydrodynamic quantities

β2 α2

B. Protein shape in real
and reciprocal space

C. Concentration effects
(aggregation, dissociation?)

• Confirm purity, oligomerization state (MW), and concentration dependence.
• Compare with any known structures.

s20,w (expt) s20,w (theor) Rg (expt) Rg (theor)

β2 5.2 S 5.8 S 27.4 ± 1.9 Å 27.0 Å

α2 8.4 S 8.4 S 39.7 ± 0.3 Å 39.3 Å

Compare with 
theoretical values 
calculated from 
crystal structures.
• AUC: hydropro
• SAXS: crysol

1. Check solution behavior of free subunits
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• Confirm protein concentrations with SAXS.

Example using molar concentrations:
MW of α2 = 172 kDa; MW of β2 = 87 kDa
→ Actual MW ratio ~ 2.0

Slope of I(0) vs [α2] = 5.2; Slope of I(0) vs [β2] = 1.2
→ Calculated MW ratio = (5.2/1.2)1/2 = 2.1

1. Make sure the proteins are in the same buffer.
2. Measure SAXS data at several different protein concentrations.
3. Determine I(0) by Guinier analysis or by P(r) analysis.
4. Make sure I(0) vs. concentration is linear. Then determine slope through origin.

slope = 5.2

slope = 1.2

0 10 20 300

50

100

150

200

I(0
)

 [protein] (+M)

_
�

`
�

I(0) ∝ c x MW2 ∝ c’ x MW

c = molar concentration
c’ = concentration in mg/ml

2. Check molar ratio of protein stock solutions
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Inactive complex
homogeneous

Active complex
in mixture
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(a) (b)+dATP -dATP

• One way: examine concentration dependence with sedimentation velocity analytical 
ultracentrifugation (AUC)

• Concentration-independent sedimentation is a sign that the species is non-interacting 
(slowly dissociating). MW and sedimentation coefficient are tractable by peak fitting.
• Concentration-dependent sedimentation is a sign that there are multiple species 
rapidly exchanging (mass action).
• This is also true of size exclusion chromatography, but controlling/varying 
concentration is much more difficult.

3. Check stability of complex
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• Subunit titration with SAXS.

→ 1:1 complex

4. Determine subunit stoichiometry of complex
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• Use free subunits as standards and check molecular weight of complex.
• Measure I(0) of complex at multiple concentrations.

I(0) ∝ c x MW2 ∝ c’ x MW

c = molar concentration
c’ = concentration in mg/ml

√I(0)/c

MW

β2
α2

Gives predicted MW of 512 kDa.
We know complex has 1:1 subunit stoichiometry.

→ Consistent with α4β4 (actual MW = 517 kDa).

Complex

β2

α2

Complex

5. Oligomerization state of inactive complex
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→ Complex is stable over a wide range of protein concentrations.

• Measure Rg of complex at multiple concentrations.

6.  Concentration dependence of inactive complex
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57 Å 5.65 Å23 Å

SAXS (2 μM RNR) EM (0.15 μM RNR) XTAL (25 μM RNR)

Inactive complex is an α4β4 ring.

7. Structure determination of inactive complex
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Inactive complex
homogeneous

Active complex
in mixture
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• Active complex is embedded in equilibrium mixture, likely exchanging with inactive 
complex.

8. Extracting the active complex from mixture
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Glatter & Kratky Ch. 8, p. 286 (1982)

8. Extracting the active complex from mixture
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0 μM dATP

• Titration of dATP (negative activity effector) with SAXS.

9. Shifting the equilibrium from active to inactive
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• Titration of dATP (negative activity effector) with SAXS.

9. Shifting the equilibrium from active to inactive
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How many states in this transition?
A) observation of iso-scattering points
B) singular value decomposition → 2 “eigenstates”

dATP drives a two-state transition.
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175 µM dATP

• Titration of dATP (negative activity effector) with SAXS.

9. Shifting the equilibrium from active to inactive
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α2β2 (259 kDa) → α4β4 (517 kDa)

223 → 512 kDa
269 → 549 kDa

0 0.04 0.08 0.12
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100
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0 µM dATP

175 µM dATP

• Titration of dATP (negative activity effector) with SAXS.

A) Increase in scattering signal: I(0) ~ c x MW2

B) Porod invariant method* (area under the curve)

*http://www.ifsc.usp.br/~saxs/saxsmow.html

9. Shifting the equilibrium from active to inactive
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Kratky analysis (Iq2 vs. q)
single peak = globular, compact
multiple peaks = non-globular arrangement of multi-domains
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globular  α2β2 → non-globular α4β4

• Titration of dATP (negative activity effector) with SAXS.

9. Shifting the equilibrium from active to inactive
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Rg = 47.5 ± 0.2 Å 

Rg = 54.4 ± 0.2 Å 

Rg = 59.6 ± 0.2 Å 

Rg = 64.0 ± 0.2 Å 
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• Shapes are “average” of two species (active and inactive complexes)

10. Visualizing the two-state transition

globular  α2β2 → non-globular α4β4
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• Two-component fitting of dATP titration data with several candidate models for the 
active complex in equilibrium with inactive complex. Compare residuals.

I(q) = f1 I1(q) + f2 I2(q)

11. Rigid body modeling of active complex
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• Two-component fitting of dATP titration data with several candidate models for the 
active complex in equilibrium with inactive complex. Compare residuals.

I(q) = f1 I1(q) + f2 I2(q)

11. Rigid body modeling of active complex
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• Two-component fitting of dATP titration data with several candidate models for the 
active complex in equilibrium with inactive complex. Compare residuals.

I(q) = f1 I1(q) + f2 I2(q)

α2β2 “docking” model
[Uhlin and Eklund. Nature (1994)]

11. Rigid body modeling of active complex
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• Two-component fitting of dATP titration data with several candidate models for the 
active complex in equilibrium with inactive complex. Compare residuals.

I(q) = f1 I1(q) + f2 I2(q)

α2β2 “docking” model fits well in shape reconstruction at 0 uM dATP

11. Rigid body modeling of active complex
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• Best-fit model for active complex is one in which the lobes of β2 are docked against 
the active sites of α2 along symmetry axis.
• This so-called “docking model” was originally proposed by Uhlin and Eklund [Nature 
(1994)] based on shape complementarity of subunits.

→
α2β2

docking model α4β4 ring 0 10 20 30 40 50 170 180
//

//

0.2
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α4β4 ring

compact α4β4

4 dATP: 1 α2

compact α2β2

α4β4 ring

Even at 0 uM dATP, there is 97% α2β2 and 3% α4β4.

12. Fractions of species in transition
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Even at 0 uM dATP, there is 97% α2β2 and 3% α4β4.

A

B

23 Å

Subtracting 3% α4β4 from 0 uM dATP data gives shape 
reconstruction that is more representative of α2β2 complex.

12. Fractions of species in transition
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Y731
W48

W48

Y731

Y122 → W48 → Y356 → Y731 → Y730 → C439 α2β2

W48

Y731

α2β2
docking model α4β4 ring

13. Conformation affects radical transfer path

Ando, et al. (2011). PNAS, 108(52), 21046–21051.
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Part 5: Variations
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Pabit, et al. (2009). Meth. Enz. 469, 391–410.
Qiu, et al. (2006). PRL, 96(13), 138101.
Jacques & Trewhella (2010). Protein Science, 19(4), 642–657.

from the slightly elevated concentration of ions in the DNA-containing
solution compared to the buffer solution. We compute the additive correc-
tion resulting from this offset, fluoroffset, by matching Eon and Eoff profiles at
high q. It is also critically important to account for the changing transmission
of all beamline components as the energy is varied, as well as the energy
response of all detectors. A multiplicative correction factor lcorrection is
computed, based on differences between on- and off-edge profiles of
DNA in nonresonant buffers of identical ionic strength. The correction
factor lcorrection ¼ Inonrsntðq;Eoff Þ=Inonrsntðq;EonÞ is typically computed from
a sample dialyzed against for example, 100 mM NaCl instead of 100 mM
Rb–Acetate. Here, Inonrsnt is the scatting from the nonresonant sample.
Typically, this multiplicative factor is equal or very close to unity.
The corrected SAXS signals are represented by Eq. (19.6) and shown
in Fig. 19.6C.
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Figure 19.6 Demonstration of data processing to generate ASAXS profiles. Panel (A)
shows the raw data, acquired at the two ASAXS energies, along with the corresponding
buffers. Panel (B) shows the buffer subtracted curves at each energy. Panel (C) shows
the data after corrections have been applied to account for energy dependent effects and
for fluorescence, detailed in the text. Panel (D) illustrates the measured difference
signal: I(Eoff) $ I(Eon).
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Anomalous SAXS: Tune to 
absorption edge of atom (Z >24)

Structure factor: Study strongly non-ideal 
solutions to probe inter-particle potentials

Zeff can be free parameters [20]. The simultaneous fitting
of both parameters consistently yields a potential threshold
around 3.8 kT (previous studies suggested 4 kT [25]).
Thus, we used 3.8 kT to determine the effective DNA sizes
under all conditions for consistency. Home written MATLAB
codes were used for all analysis unless otherwise noted.

We first discuss the ‘‘no excess salt’’ series with DNA
concentration cDNA ranging from 0.1 to 1.0 mM (strictly
speaking, the buffering 1 mM NaMOPS is the excess salt).
The scattering profiles I!Q" [Fig. 2(a)] show pronounced
interference peaks, indicating significant structural order-
ing due to strong inter-DNA repulsion. The ‘‘Bragg dis-
tance’’ (2!=Qmax, Qmax is the peak position) corresponds
to the mean inter-DNA distance (/c1=3

DNA) within a few
percent [13]. The satisfactory fits obtained support the
validity of the decoupling approximation under these ex-
perimental conditions, which are well below the ‘‘entan-
glement’’ concentration (1=L3 # 2:6 mM). Figure 3(a)
shows the fitted Zeff along with the predicted Zren.
Although both parameters increase with increasing DNA
concentration, deviations are apparent. The calculated ef-
fective diameter is 86 Å, considerably larger than 54 Å for
hydrated DNA. This is not surprising considering the
Debye screening length is about 100 Å.

To study the ionic strength dependence of the potential,
the DNA concentration is fixed at 0.6 mM and monovalent
salts (NaCl) are added. The data of Fig. 2(b) reveal signifi-
cant inter-DNA interference even up to $Na%& of 100 mM,
though the suppression of the interference peak is apparent.
Thus, electrostatic repulsion between DNAs persists, up to
monovalent ion concentrations of order 0.1 M. The effec-
tive charge Zeff [Fig. 3(b)] drops slightly with increasing
monovalent ion concentration, in contrast to the predicted
renormalized charge Zren which is significantly larger
(26:9e versus 9:1e at 100 mM Na%) and displays a steady
increase. The calculated effective diameter decreases
slowly with increasing salt concentration, dropping from
61 Å (10 mM Na%) to 54 Å (400 mM Na%).

Qualitatively different behavior is observed in the pres-
ence of divalent counterions [Fig. 2(c)] at the same ionic
strengths (I) as the monovalent ion series. At $Mg2%& #
3:3 mM (I ' 10 mM), Zeff is 2:5e, drastically smaller than
Zeff of 12:7e at $Na%& ' 10 mM. Clearly, divalent cations
screen more efficiently than monovalent cations. Devia-
tions from the predicted Zren value (10:0e at $Mg2%& #
3:3 mM) become more pronounced [Fig. 3(b)] as the
counterion valence increases. At 8.3 mM Mg2% the inter-
particle interference almost completely vanishes. Above
$Mg2%& of 16.7 mM, a low Q upturn (relative to the form
factor) emerges and increases with increasing Mg2% con-
centration. Low Q upturns in SAXS profiles generally sig-
nify a local ‘‘clustering’’ of macromolecules [15,26,27].
Thus, an intriguing short range inter-DNA attraction ap-
pears at rather low divalent counterion concentrations.

To validate the observed upturn, we carefully reex-
amined the calculation of the form factor P!Q". Agree-
ment between the calculated form factor and the low Q
I!Q" data can be improved, but only by including unphys-
ical solvent effects and at the expense of significant dete-
rioration in agreement at medium-highQ. We then recalcu-
lated the structure factor by adding a short range Yukawa-
form attractive potential with a fixed empirical decay
length of 5 Å (#hydrated diameter of Mg2%). S!Q" calcu-
lations with two Yukawa potentials used a method recently
developed by Liu et al. [26,27]. The data were fit by fixing
the repulsive potential to have Zeff ' 2:5e (as at $Mg2%& #
3:3 mM) and varying only the second, attractive, potential.
Figs. 3(c) and 3(d) show the fitting results of the total inter-
DNA potentials and the corresponding structure factors
S!Q"s, respectively. The excellent agreement between the-
ory and experiment [Fig. 2(c)] further supports the exis-
tence of a weakly attractive potential, though we do not
know its origin. A similar upturn in S!Q" has been pre-

FIG. 3 (color online). (a) and (b) show the experimental ef-
fective charge Zeff (symbols) and the theoretical renormalized
charge Zren (lines) with scaling factors denoted below. Only the
results from the one Yukawa repulsive potential refinements are
shown. (c) The fitted inter-DNA potentials are shown as func-
tions of inter-DNA distance. (d) The model S!Q"s corresponding
to the inter-DNA potentials in (c).

FIG. 2 (color online). Experimental I!Q"s are indicated with
symbols; fits are shown as lines. The data are offset for clarity.
(a) data with no excess salt. (b),(c), and (d) data at fixed DNA
concentrations (around 0.60 mM) as counterion concentration
and valence are varied as indicated.
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To validate the observed upturn, we carefully reex-
amined the calculation of the form factor P!Q". Agree-
ment between the calculated form factor and the low Q
I!Q" data can be improved, but only by including unphys-
ical solvent effects and at the expense of significant dete-
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form attractive potential with a fixed empirical decay
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the repulsive potential to have Zeff ' 2:5e (as at $Mg2%& #
3:3 mM) and varying only the second, attractive, potential.
Figs. 3(c) and 3(d) show the fitting results of the total inter-
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