
  

x-ray 2θ
s

- size (Rg, Dmax, volume)
- folding state, compactness
- overal shape ~30 Å resolution

- oligomeric state
- quaternary structure
- flexible systems

sample in solution



  

Experimental setup XRD vs SAXS



  



  

Output structure XRD vs SAXS



  

XRD – data reduction
Set of diffraction images

indexing

Reduced data – intensities with h, k, l indices
Space group determination

indexing
integration



  

XRD – outputs

Phase problem

Fourier transform

xrd intensities ~105 reflexions, 
reciprocal space, indices h, k, l Electron density map



  

XRD – outputs

Phase problem

Fourier transform

xrd intensities ~105 reflexions, 
reciprocal space, indices h, k, l Electron density map

Atom coordinates



  

XRD – output

3D coordinates,
PDB format, in real space x, y, z

Structure with high resolution



  

SAXS – isotropic scattering –> radial averaging

Image from detector

Radialy averaged data – SAXS curve

Beam center position

SAXS curve – txt file



  

SAXS - output
Low resolution structure

SAXS data

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier) 18.163

Rg [Å] (from P(r) 18.85

Dmax [Å] 62.21

Porod volume estimate [Å^3] 15417

MW theoretical [kDa] 9.4

MW porod [kDa] 9.4

MW dammin [kDa] 10.5



  

SAXS - output
Low resolution structure

reconstruction

Rigid body modelingAb initio modeling

SAXS data

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier) 18.163

Rg [Å] (from P(r) 18.85

Dmax [Å] 62.21

Porod volume estimate [Å^3] 15417

MW theoretical [kDa] 9.4

MW porod [kDa] 9.4

MW dammin [kDa] 10.5

SAXS table

SAXS model fit



  

SAXS - output
Low resolution structure



  

SAXS - output
Low resolution structure



  

SAXS curve -  SAXS data
averaged data – SAXS profil

x-axis units



  

SAXS - application

Sample: solution of proteins, nucleic acids, and complexes

1. size
2. shape
3. homogenous vs. aggregated sample
4. folded vs. flexible protein
5. oligomeric state (mixtures)
6. interaction, quarternary structure
7. modeling of flexible systems



  

SAXS - advantages

1. sample preparation
2. in solution – close to „natural conditions“
3. usefull before and after molecular structure is known
4. time consumption
5. not limited by size or flexibility (almost)

SAXS - disadvantages

1. low resolution
2. non unambiguous interpretation



  

SAXS - resolution

1. Bragg‘s

q
min
 = 0.006 Å-1  ~ d = 1000 Å

q
max
 = 0.6 Å-1  ~ d = 10 Å 

2. Efective

„low resolution structure“  20-30 Å 

d = 
2π 
q 



  

SAXS – experiment – home source

- rotating anode
- point focus 
- colimation: 2D Kratky
- Pilatus 100K
- temperature range -30 to +65°C



  

SAXS – experiment – home source

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier)

Rg [Å] (from P(r)

Dmax [Å]

Porod volume estimate [Å^3]

MW theoretical [kDa] 9.4

MW porod [kDa]

MW dammin [kDa]



  

SAXS – experiment – sample

Sample quality:
- pure as possible
- monodisperse 
- free of aggregation



  

SAXS – experiment – sample

Sample quality:
- pure as possible
- monodisperse 
- free of aggregation

Quality control:
- native gels
- DLS



  

SAXS – experiment – sample

Sample quality:
- pure as possible
- monodisperse 
- free of aggregation

Quality control:
- native gels
- DLS

Sample volume and concentration:
- ~25 microL
- concentration series 10; 5; 2.5 mg/ml

Forward scattering intensity is proportional to size (number of electrons):
 15 kDa protein needs 2.0 mg/ml
300 kDa protein …………… 0.1 mg/ml

=> Aggregates ruins meaningful data interpretation  



  

SAXS - subtraction



  

SAXS - subtraction

sample buffer subtracted



  

SAXS - buffer
Buffer requirements:
- identical to last step of purification (dialysis)
- salt < 1 M 
- glycerol < 5% v/v
- detergents < CMC

Matching buffer = no oversubtraction or undersubtraction
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SAXS - buffer
Buffer requirements:
- identical to last step of purification (dialysis)
- salt < 1 M 
- glycerol < 5% v/v
- detergents < CMC

Matching buffer = no over- or under-subtraction



  

SAXS - buffer
Buffer requirements:
- identical to last step of purification (dialysis)
- salt < 1 M 
- glycerol < 5% v/v
- detergents < CMC

Matching buffer = no over- or under-subtraction



  

Subtracted SAXS data

Guinier plot Kratky plot P(r) Pair distance 
distribution function



  

Guinier plot

- analysis of very low angle

- slope of decay proportional to size (Rg)

- Rg = radius of gyration

- aggregation/repulsion detection

 
 

Rg=√1
n∑i=1

n

(r i−rcm)
2

ln [ I (q)]≃ ln [ I (0)]exp(
−Rg

2q2

3
)

0<Rg q<1.2

0<Rgq<
1
Rg

Valid in:

 
 

K=
Rg

2

3



  

Guinier plot

- analysis of very low angle

- slope of decay proportional to size (Rg)

- Rg = radius of gyration

- aggregation/repulsion detection

 
 

Rg=√1
n∑i=1

n

(r i−rcm)
2

ln [ I (q)]≃ ln [ I (0)]exp(
−Rg

2q2

3
)

0<Rg q<1.2

0<Rgq<
1
Rg

Valid in:

 
 

K=
Rg

2

3

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier) 18.163

Rg [Å] (from P(r)

Dmax [Å]

Porod volume estimate [Å^3]

MW theoretical [kDa] 9.4

MW porod [kDa]

MW dammin [kDa]



  

Guinier plot

- analysis of very low angle

- slope of decay proportional to size (Rg)

- Rg = radius of gyration

- aggregation/repulsion detection

 
 

Rg=√1
n∑i=1

n

(r i−rcm)
2

K=
Rg

2

3



  

Kratky plot
Chain compactness

- slope of decay of intensity in „Kratky“ region
- compact well folded chains have clear minima
- dependent on data quality (subtraction) 
 
 



  

Pair distance distribution function
P (r)

I (q )=4 π ∫
0

Dmax

p(r )
sin (qr )

qr
dr p (r)=

r2

2 π2∫
0

∞

q2 I (q)
sin(qr)

qr
dq

- indirect Fourier transform of scattered intensity
- GNOM – Svergun‘s perceptual criteria (smoothness, systematic deviation, … )
 
- distances of all pairs of points (electrons) of the particle (weighted)
 p (r)=γ (r )π r2



  

Pair distance distribution function
P (r)

p (r)=
r2

2 π2∫
0

∞

q2 I (q)
sin(qr)

qr
dq

- indirect Fourier transform of scattered intensity
- GNOM – Svergun‘s perceptual criteria (smoothness, systematic deviation, … )
 
- distances of all pairs of points (electrons) of the particle (weighted)
 p (r)=γ (r )π r2

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier) 18.163

Rg [Å] (from P(r) 18.85

Dmax [Å] 62.21

Porod volume estimate [Å^3]

MW theoretical [kDa] 9.4

MW porod [kDa]

MW dammin [kDa]



  

Porod volume

V p=
2π 2 I (0)

Q

Q=∫
0

∞

q2
[ I (q)−K ]dq

- applicable for folded macromolecules
- Porod‘s law – intensity decay 
- Porod‘s invariant
 
 

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier) 18.163

Rg [Å] (from P(r) 18.85

Dmax [Å] 62.21

Porod volume estimate [Å^3] 15417

MW theoretical [kDa] 9.4

MW porod [kDa]

MW dammin [kDa]

I (q )=q−4



  

Porod volume

V p=
2π 2 I (0)

Q

Q=∫
0

∞

q2
[ I (q)−K ]dq

- applicable for folded macromolecules
- Porod‘s law – intensity decay 
- Porod‘s invariant
 
 

Data-collection parameters

Instrument BioSAXS-1000 (Rigaku)

Wavelength [Å] 1.5418

q range [Å^-1] 0.0095 - 0.65

Exposure time [min] 60

Temperature [°C] 4

Concentration [mg ml^-1] 5.0

Structural parameters

Rg [Å] (from Guinier) 18.163

Rg [Å] (from P(r) 18.85

Dmax [Å] 62.21

Porod volume estimate [Å^3] 15417

MW theoretical [kDa] 9.4

MW porod [kDa] 9.4

MW dammin [kDa]

MW magic number for proteins = 0.625

 

I (q )=q−4

V p [Å
3
]∗0.625=MW [Da]



  

SAXS – theoretical scattering
Debye‘s formula

I (q )=∑
i=1

N sph

F i
2
(q)+2 ∑

i=1

N sph−1

∑
j=i+1

N sph

F i (q)F j (q)
sin (qr ij)

qr ij

PDB coordinates

 



  

SAXS - modeling

initial model
(ab initio, rigid body)

I (q )=∑
i=1

N sph

F i
2
(q)+2 ∑

i=1

N sph−1

∑
j=i+1

N sph

F i (q)F j (q)
sin (qr ij)

qr ij

Debye‘s formula
Quality of fit

χ
2
=

1
N p

∑
k=1

N p

[
I exp(qk)−c . I calc (qk)

σ k
]

2

χ
2
=23.81



  

SAXS - modeling

final model
(ab initio, rigid body)

I (q )=∑
i=1

N sph

F i
2
(q)+2 ∑

i=1

N sph−1

∑
j=i+1

N sph

F i (q)F j (q)
sin (qr ij)

qr ij

Debye‘s formula
Quality of fit

χ
2
=1 .00

χ
2
=

1
N p

∑
k=1

N p

[
I exp(qk)−c . I calc (qk)

σ k
]

2



  

SAXS software

- ATSAS (Svergun group)

- SCATTER (Rambo group)

- http://smallangle.org/content/Software#Model-Fitting

 
 

http://smallangle.org/content/Software#Model-Fitting


  

ATSAS software



  

ATSAS software



  

SAXS – theoretical scattering
CRYSOL

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf

- evaluation of solution scattering of known atomic structure
- fitting to experimental data
- validation tool

 
 

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf


  

SAXS – theoretical scattering
CRYSOL

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf

- evaluation of solution scattering of known atomic structure
- fitting to experimental data
- validation tool

 
 

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf


  

SAXS – theoretical scattering
CRYSOL

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf

In vacuo borderexcluded volume
solvent

- +

I (q )=⟨|A a(q)−ρs As (q)+δ ρb Ab(q)|
2⟩Ω

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf


  

SAXS – theoretical scattering
CRYSOL

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf

In vacuo borderexcluded volume
solvent

- +

χ
2
=

1
N p

∑
k=1

N p

[
I exp(qk)−c . I calc (qk , r0,δ ρ)

σk
]

2

I (q )=⟨|A a(q)−ρs As (q)+δ ρb Ab(q)|
2⟩Ω

https://www.embl-hamburg.de/biosaxs/reprints/crysol_1995.pdf


  

SAXS - modeling

final model
(ab initio, rigid body)

I (q )=∑
i=1

N sph

F i
2
(q)+2 ∑

i=1

N sph−1

∑
j=i+1

N sph

F i (q)F j (q)
sin (qr ij)

qr ij

Debye‘s formula
Quality of fit

χ
2
=1 .00

χ
2
=

1
N p

∑
k=1

N p

[
I exp(qk)−c . I calc (qk)

σ k
]

2



  

Ab initio modeling
dummy residues - GASBOR

- low resolution shape reconstruction
- dummy residues: spheres with electron density as average AA resudue
- distance constrain 3.8 Å as approx. Cα-Cα position
- fixed number of dummy residues (protein sequence)

 
 

initial model final model

- simulated annealing method to minimize goal function:  
- penalties: bond length, hidtogram distances, peripherial, discontiguity

 
 

f (x )=χ
2
+∑ αP (x )



  

Ab initio modeling
dummy residues - GASBOR



  

Ab initio modeling
dummy atoms - DAMMIN

- low resolution shape reconstruction
- dummy atoms – densely packed spheres (beads)
- search volume ~ Dmax, radius of beads << Dmax
- two phases: solute (protein) and solvent (water) 

 
 



  

Ab initio modeling
dummy atoms - DAMMIN

- low resolution shape reconstruction
- dummy atoms – densely packed spheres (beads)
- search volume ~ Dmax, radius of beads << Dmax
- two phases: solute (protein) and solvent (water) 

 
 

final modelinitial model



  

Ab initio modeling
dummy atoms - DAMMIN

- low resolution shape reconstruction
- dummy atoms – densely packed spheres (beads)
- search volume ~ Dmax, radius of beads << Dmax
- two phases: solute (protein) and solvent (water) 

 
 

final modelinitial model

f (x )=χ
2
+∑ αP (x )- simulated annealing method to minimize goal function:  

- penalties: loosenes, disconnectivity, peripherial

 
 



  

Ab initio multi-phase modeling
dummy atoms - MONSA

- low resolution shape reconstruction
- dummy atoms – densely packed spheres (beads)
- search volume ~ Dmax, radius of beads << Dmax
- up to 4 phases: protein-protein complexes, protein::nucleic acid complexes

 
 

initial model final model



  

Ab initio multi-phase modeling
dummy atoms - MONSA

- low resolution shape reconstruction
- dummy atoms – densely packed spheres (beads)
- search volume ~ Dmax, radius of beads << Dmax
- up to 4 phases: protein-protein complexes, protein::nucleic acid complexes

 
 

(χ2=1.2)

(χ2=1.1)

DNA

complex

initial model final model



  

Ab initio modeling
refinement

damaver damfilt damstart

      Recommendation  NSD  File
        Include     0.735  dammif3.pdb
        Include     0.739  dammif1.pdb
        Include     0.739  dammif8.pdb
        Include     0.740  dammif4.pdb
        Include     0.750  dammif9.pdb
        Include     0.752  dammif7.pdb
        Include     0.754  dammif10.pdb
        Include     0.756  dammif6.pdb
        Include     0.756  dammif2.pdb
        Discard     0.851  dammif5.pdb
 
 

- mutiple runs of ab initio reconstruction give different results
- refinement: alignment, averaging, clustering, most typical model
- dummy atoms/res. with highest ‚occupancy‘ used as starting structure



  

Rigid body modeling
CORAL

- Complexes with Random Loops
- translation and rotation search
- library of random loops composed of dummy residues (5-100AA)
- contact constrains, if known
- penalties: clashes, shift, contacts

 
 

Rigid bodies – atomic structures

complex



  

Rigid body modeling
CORAL

- Complexes with Random Loops
- translation and rotation search
- library of random loops composed of dummy residues (5-100AA)
- contact constrains, if known
- penalties: clashes, shift, contacts

 
 

Rigid bodies – atomic structures

complex

Simulated annealing
Aim: find vector of M variables minimizing a function f(x)
1. start from random configuration x at high temperature T
2. make a small random modification of configuration x → x‘
   and compute the difference ∆=f(x‘)-F(x)
3. if ∆>0, accept it with probability e-∆/T

4. make another step from previous configuration
   if previous step was rejected
   or from new configuration, if was accepted
5. repeat 2-4 many times, then decrease the temperature
6. continue the cooling until no improvement is observed



  

Flexible systems
Conformational polydispersity

Fully or partialy unstructured chains

- conformational polydispersity
- fully/partialy unstructured chains
- ensemble modeling (selection)

 
 

-multidomain proteins with flexible 
linkers, IDPs

 
 

- conformational polydispersity
- fully/partialy unstructured chains
- ensemble modeling (selection)

 
 



  

Ensemble modeling
EOM

https://www.embl-hamburg.de/biosaxs/eom.html

https://www.embl-hamburg.de/biosaxs/eom.html


  

Ensemble modeling
EOM

37% 33% 21% 19%

- ensemble representation of possible flexibility
- model conformations not necessarily exists in solution
- Rg and Dmax distribution of pool and selected ensemble

 
 



  

SEC-SAXS



  



  



  

SASBDB



  



  



  



  



  

bioSAXS - summary

With good quality SAXS data:

1. model independent: integral structural parameters: Rg, Dmax, Vporod

agregation, folding/flexibility

overal shape ab initio

2. model dependent: validation of molecular structures (XRD, NMR, molecular dynamics, docking) 

oligomeric state, mixtures

quaternary structere

missing parts in XRD structures

study of flexible systems

 


	Snímek 1
	Snímek 2
	Snímek 3
	Snímek 4
	Snímek 5
	Snímek 6
	Snímek 7
	Snímek 8
	Snímek 9
	Snímek 10
	Snímek 11
	Snímek 12
	Snímek 13
	Snímek 14
	Snímek 15
	Snímek 16
	Snímek 17
	Snímek 18
	Snímek 19
	Snímek 20
	Snímek 21
	Snímek 22
	Snímek 23
	Snímek 24
	Snímek 25
	Snímek 26
	Snímek 27
	Snímek 28
	Snímek 29
	Snímek 30
	Snímek 31
	Snímek 32
	Snímek 33
	Snímek 34
	Snímek 35
	Snímek 36
	Snímek 37
	Snímek 38
	Snímek 39
	Snímek 40
	Snímek 41
	Snímek 42
	Snímek 43
	Snímek 44
	Snímek 45
	Snímek 46
	Snímek 47
	Snímek 48
	Snímek 49
	Snímek 50
	Snímek 51
	Snímek 52
	Snímek 53
	Snímek 54
	Snímek 55
	Snímek 56
	Snímek 57
	Snímek 58
	Snímek 59
	Snímek 60
	Snímek 61
	Snímek 62
	Snímek 63
	Snímek 64
	Snímek 65
	Snímek 66
	Snímek 67
	Snímek 68
	Snímek 69
	Snímek 70
	Snímek 71

