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2D detector image

Scattering intensities, /, as a function of angle (s, or q) —
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Sma” angle Scatte ri ng The magnitude of the coherent scattering amplitudes as a

function of angle relates to spatial correlations between
Wave properties: Scattering amplitudes scattering centres.

Destructive interference

Incident

beam = \/\/\

| :
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YAV
: > \/\/\

AmplitudeT\/\/\

When the incident beam is scattered elastically (no
change in A) and if preserved distance correlations

exist between the scattering centres, a coherent + =

F'4 -
= N L HAmplitude

Scattering wave amplitudes

Amplitude

wavefront develops that emanates from the sample
where both constructive and destructive interference
occurs in the wave amplitudes.
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Elastic coherent small-angle scattering = = e

‘Sum the waves game.’ @@
(% .

Preserved distance
correlation between
two scattering centres.

‘Waves cancel’ (amplitudes cancel)

Amplitude pattern across the
coherent wave front relates to
1 the correlated distance
between the two scattering
centres

Line of constructive interference

Coherent wave front
elastic scattering — no wavelength change

‘Waves add’ (amplitudes add)

Of course, macromolecules have many, many atom pair distance correlations within extent of their volume
boundary. The coherent wave front is derived from the sum of the scattered waves from all of these

correlations as a function of angle.
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More formally:

If the distances, r, between the atoms of a marcomolecule are preserved
then the amplitudes of the coherent wave front through s are proportionate
to the sum of the atomic scattering factors (i.e., probability to scatter)
weighted by the distribution of the distances between scattering pairs.

4s1n6
S§=—
A
Il s can be defined in a number
of ways!!
Q =q-= h = u= k=s

Sometimes; S = 2sint/A = 2rs
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N 5 Spherical wave bit
(5= Dhle"
i=1 '\
‘Scattering factor’: relates to the atomic
cross section, i.e., scattering length, or

probability of an atom to scatter for every
atom in the sample.
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The issue?

We cannot access the amplitudes experimentally. We measure the intensity
of the scattered radiation, I(s).

For solution-based SAXS, the sample particles are tumbling in solution!

inple‘
<
A
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I(s) = <A(S)A(s)* > e

isotropic scattering

I(s) fundamentally boils down to the form factor of the particles, P(s), their
volume and scattering power!



The scattering intensity /(s) — and thus the associated form factor in reciprocal space —
relates to an atom-pair distance distribution function of the particle p(r) in real space by a

Fourier transform:

: — 5 .
D, SIN( S7 la % sin( s7
I(s)=4x [ ™ p(r) B7) gy p(r)=—[ s’1(s) B7) g
b. - (Thel .
1031 :.’,-\‘...
Reciprocal Real space
space O (probable)
intensity ‘ distance
frequencies

0.0
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How does the sample properties combined with the measurement impact our
approach to modelling data?

Populations of macromolecules in the sample Sum of spherically averaged scattering amplitudes

AN 1(5)= (A A(s)’)

population state(s) distribution

Distance distributions are encoded in the scattering intensities — not x,y,z atomic coordinates

L-amino acids D-amino acids
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The Complication

For biological macromolecules in solution, we forgot the solution!

It is obvious that macromolecules of a sample will scatter. The amplitudes arising
from preserved distance correlations will sum to produce coherent scattering
intensities at low angle.

The lower the angle (lower s), the longer the correlated distances, d:
S =2nld

However, the solution, i.e., the solvent of the sample, also scatters! As the solvent
(hopefully) does not have any time-preserved long-range distance correlations, its
scattering contributions add as a ‘flat incoherent background’ in the SAS regime.
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But you need contrast as well: ‘excess scattering power’

I(s) in the small-angle region depends, and indeed only arises, if there is a difference between

the average scattering length density of the solvent and the average scattering length density of
the particles of interest. This difference is known as contrast and is represented as

A,O =P~ Pss
where p and p, are the mean scattering length densities of the particle and the solvent,
respectively.

Low contrast = weaker coherent scattering High contrast = stronger coherent scattering
intensities.

, intensities.
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How do | calculate the Contrast

http://smb-research.smb.usyd.edu.au/NCVWeb/

MULCh: Modules for the analysis of
small-angle neutron contrast variation
data from bio-molecular assemblies.

For X-rays: Convert the SLD, p (10'° cm-2)
to electron density by dividing by the
Thomson electron radius: 2.8179 x 10-13
cm. The answer is in e/cm3, so divide

again by 1024 to get e/A3...or more quickly:

1o,
28179  ©/A3
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A: Define the solvent

ModULes For The Analysis OF Small-angle Neutron Contrast Variation Data From Bio-molecular
Assemblies

nirast OF Bo- mobecular Assemblies

kad an existing input file:
Upioad Conast F e (Upload txt input if avaialble)

Project Tilbe: ¥ Ab bysazyme i) Input title of project
o(Rey)

Numbser dissobred species in the scvent; 3 - i} # molecules in solvent =3
Substence Tree Formuls Conc. (mal/L)  volume (A%)

ili) For small molecules: input  °' (L]

katornic formula and
concentrations 0= o
0.00 LL)

P = protein; D = DNA; R = RNA; M = molecule

B: Define macromolecules

Numbar of compaenasts in subusit 1; 1 «

i) # components in subunit 1= 1
ii) Choose level of deuteration.

(1] 055
Moostes  Valume (A}

“4iil) Amino acid sequence
L 1 L1

Numbar of compenents in subusit 2: 2 - iv) # components in subunit 2 =2
il S-S i pnas Ramee “ w) Choose level of deuteration

Mscsecries  Wolmme (A%}
o acid sequence

PRl Amin
TGGYGYDSWGOGTONT | 1 0.0

vii) Bound calcium; 2 per 5ul:ur|l!._9 3

Submit | Cancel

Individual companent and salvent  Individual companent and

C . a nd A scattering length density whole complex contrasts
- p p Tabulated scattering length densities and contrasts
out put p{10*%m™?) ap (10 %m™?)
1 F] Solvent 1 2 Total .
i) X-ray contrast
X-RAY | 13515 | 12580 | 9454 3061 3.127 (3.095 )
NEUTRON for SAXS
H 2) K 1.957 4,579 0.545 2.502 5.123
Fraction *H,0 :: 2112 | 4712 | 0146 1967 4566
i | X . I . .
n sxr:rent, 0.2 2268 | 4844 | 0836 1432 4008
ls S)' 0.3 2.423 4,977 1,526 0.857 3.451 M
ii) Total
0.4 2579 | 5110 | 2217 0362 2893
0.5 2734 | 5242 | 2907 0173 2.335 neutron
0.6 2890 | 5378 ise7 | -n707 1778 ose contrast for
0.7 3.045 | 5.508 4.288 L2492 1220 | o SANS
0.8 3201 | 5641 | 4978
0.8 3356 | 5773 | 5668
1.0 3512 5,906 6,359

Calculated match-point (f, .

Individual component SANV Whole complex SANS
matchpoints: viv H,0. matchpoint: wiv 2H,0.


http://smb-research.smb.usyd.edu.au/NCVWeb/

After background subtraction...

I(s) will represent the time and rotationally averaged squared scattering amplitudes from the particle
population expressed as the summed contribution from each individual particle, i, in the sample.

_ Is the SUM of all
_The scattering macromolecules averaged The structure factor or
intensity over aII orientations. ‘between particle’

\ contributions /
I(s) = 2 <§pV> P(5)1S(s)

Weighted by the contrast
and volume SQUARED of
all macromolecules

The form factor of all
macromolecules within the
sample



For a PURE, MONODISPERSE and IDEAL sample

The concentration.

\
I(s)= N(ApV )’ P(s)

If all particles are identical, and do not interact, the /(s) profile (after
background scattering has been subtracted) will represent the time and
rotationally averaged squared scattering amplitudes, i.e., the scattering
intensity, from a SINGLE PARTICLE.
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How do | maybe know | have an ideal system?

The molecular mass estimates through a concentration series.
The MM, the MM, the MM, the MM, the MM, the MM.
(+/-10 %)

Think about this — there is no point generating a single model to describe a 100 kDa protein
if the experimental MW of the protein from SAS is 125 kDa (probably a mixture).

I(s)= Y [(ApV,Y B(s)] I(s)= N(ApV)* P(s)
If i are not identical, If i are all identical, model
model as a mixture A as a single particle i

Narrow popl.JIatior-1 state

multiple population states: mixtures _
EMBL :::



The case of intrinsically disordered proteins or modular proteins
connected by flexible linkers.

MM is correct!

I(s)= Y [(ApY)* ()]

Model as a structural ensemble! BUT
Still not ideal, i.e., cannot be modelled as a non-interacting
/\ single particle because the protein is structurally
heterogeneous!

population state distribution

EMBL ::



1(0)

At zero angle (s = 0) the magnitude of /(s) will primarily depend on the number of scattering
centres within the bound squared-volume of a macromolecule — independent of the shape —
weighted by the concentration and contrast squared:

[(0)= N(ApV)’

From this parameter, it is possible to obtain the molecular weight.

Data scaled to a standard protein with a KNOWN
concentration and molecular weight

5.
MW _ I(O) sample Nf’k MW . ](O)MWPE € Csmndard Ap standard MIV
sample — A 2 sample — ] 0 x g x " standard
C.S'ampf e( P Usamplﬁ) ( )Jmnda}‘d C.mmpfc Y sample
Absolute scaling - requires partial An assumption that a target has a similar scattering length
specific volume and contrast. density and partial specific volume as the secondary standard!
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Porod volumes and Kratky plot

The determination of MW from /(0) requires an accurate assessment of the concentration of a protein in
solution that in and of itself can be difficult to determine!

An alternative concentration-independent estimate of MW is based on the volume of a protein in
solution. Porod showed that for uniform particles with sharp boundaries the excluded volume Vp can be
calculated as:

27 1(0
y 2710
g 0
where Q is the Porod invariant or the area under a plot of /(s)s? vs s calculated to s = «, or Kratky plot.
The Vp of a protein in nm3 is typically 1.5-1.6 times the MW in kilodaltons (kDa).
However, caution must be applied when dealing with highly anisotropic or highly flexible/disordered

proteins. In the case of flexible, or rod-like proteins, the decay in scattering intensities at high angle
deviates sufficiently from Porod’s law that the estimation of Q will incur errors in the volume estimation!

EMBL ::



Useful ATSAS tools

ATSAS tool: datporod ATSAS tool: datmow ATSAS tool: datve

At the command prompt (.cmd, terminal, etc) type:

datporod filename.out datmow filename.out datvc filename.out

| | |

Porod volume estimate. MM estimate of proteins using MM estimate of proteins usi.ng the
For proteins, convert to MM by the method of Fischer et al. method of Rambo and Tainer.

dividing by 1.5-1.6 SAXMOW

N/

ATSAS tool: datmw

EMBL ::



Why is all this stuff important for SANS? R}, =R¢ + A“l_)—A';,

a. ,\ b. /\ c.

1 4 ' 4 L'
. - . - . . a=0 w0 =0
a. Homogeneous b. Dissociating c. Oligomerisation/ B>0 B>0 B>0
Solution Complex Aggregation 1/ap 1ap 1/2p

w H w H [7e} 3
S 5 SP 5 ST 5
=z | : == : =< | : o
=o H | =o h =c :
c ; 2 | 2 4 :
= ' T ; Ty :
(=71 ; / o] : )/ =7 '
= T T T |: T T = T T T T : T T 5 T T T :1 T T
00 02 04 06 08 1.0 00 02 04 05 08 10 00 02 04 06 08 10 d. &
D20 D20 D20 /
The dependency of /(0) with fy;4 should  The dependency of /(0) with fy;, should  The dependency of /(0) with fy,, will not s o”
be represented accurately by a parabolic be reasonably well represented by a be reasonably well represented by a
curve that intersects the f;,, axis at a parabolic curve that intersects the f,,,  parabolic curve that intersects the f;,,, g:g
single point, corresponding to the match- axis at a single point. The parabola will  axis at a single point. The parabola will
point of the complex. typically miss data points at the typically miss many data points, and the 1/8p

extremities of the plot, but the deviation deviation of the estimated match-point
of the estimated match-point from the  from the real value is usually significant.
real value is usually small. Of note, /(0)

values from a dissociating complex can

be accurately represented by general

quadratic function, but that function will

not intersect the f,, axis.




Modelling SAS data — before you leap into danger.

Understand the data — get the unit right, nm or A, etc.

Extract structural parameters and additional information BEFORE you

begin modelling: if there is one thing you can trust it is the structural

parameters from SAS data!

Part 1 of your
validation toolbox

Radius of gyration (Ry) maximum particle dimension
(Dmax), volume (V).

Molecular mass estimates (MM).

Probable frequency of distances (r) within single
particles (p(r) vs r), i.e., global shape and structural
information.

Scaling parameters — compact, flexible, flat, rod,
hollow.

Useful data range!
The AMBIGIUTY of the data!

Size distributions and volume fractions.

EMBL ::



Modelling SAS data — before you leap into danger.

Obtain as much information as possible about your system.

Part 2 of your
validation toolbox

For example, obtain the EXACT sequence of the
protein(s), RNA, DNA, glycans, etc actually used for the
SAS measurement. ALL atoms scatter, so you have to
take into account ALL of the mass in your modelling!

Obtain the CORRECT PDB (or cif) files (i.e., atomic
coordinate files). ALL atoms scatter, so you have to take
into account ALL of the mass in your modelling!

If required, calculate the CONTRAST of your system —
especially important for neutrons; (on occasion, for SAXS,
convert to electron density difference.)

Obtain restraints derived from complementary methods —
in particular CONTACT information (e.g., from NMR, cross-
linking mass-spectrometry, FRET, bioinformatics,
Alphafold.)

Know the STOICHIOMETRY and from this, the estimated
SYMMETRY. Obtain the MM estimate from SAS or other
methods, e.g., MALLS, AUC, mass-photometry, etc.

EMBL ::



a L DAL L B B |

@ Histatin 5 (Intrinsically Disordered Protein) @ Data (Histatin 5) :

- @ Urate Oxidase (Globular Pratein) == Guinier Fit [Histatin 5 :

Get to know your data before you model! & ; somtrsonen 3
E = -

3 ] ]

E - o

Fundamental plots O

g : :

1) Guinier - Lo
2) P(r) c s, nm" q

3) D i menSionleSS Kratky @ pir) - Histatin 5 @ Dimensionless Kratky Plot - Histatin 5

0.0012 @ pir) - Urate Oxidase @ Dimensionless Kratky Plot - Urate Oxidase

4) Porod-Debye :
Q.00 _—
(=]

= i 18

* 0.0008
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I ©.0006 & 1
s )

o
in

0.0002

g
: e
,I" 0.004 T -
f‘ @ Porod-Debye Plot (Histatin 5) ® Pored-Debye Plot (Histatin 5) E
LA 0.0035 @ Porod-Debye Plot (Urate Oxidase) ® Porod-Debye Plot GUrateridase]?
1.1 : ©.003
/:\_’_Jse Isomerase (globular) = 9002
o ; = goo2
(T 10 20 30 o 10 . 0 an '!L’
SR; 2 SRE 0.0015
Receveur-Bréchot & Durand (2012) Current Protein and o001
Peptide Science, 13, 55-75. o
Durand D, Vives C, Cannella D, Pérez J, Pebay-Peyroula E,

0.05 o1 015 0.2 0.26

Vachette P, Fieschi F. (2010) J Struct Biol. 169: 45-53, .
s, nm-! s4, nm+



Get to know your data before you model! &
: )
Fundamental plots g
1) Guinier "t
2) P(r) c

3) Dimensionless Kratky
4) Porod-Debye

@ pir) - Histatin 5 @ Dimensionless Kratky Plot - Histatin 5
@ pir] - Urate Oxidase @ Dimensionless Kratky Plot - Urate Oxidase

.00 E‘l
= 0.0008 i b
=i *
longest w_ =
f 0.0006 2..5
Extended rods - x '
»
0.0004 -
? shortest 05
0.0002
]
g
= r,nm
RS e d f
o
. - mmemmm=========  RNAse (denatured)
x . — -

polymers

Glucose Isomerase (globular)

Research Article

sR =17 SR

Receveur-Bréchot & Durand (2012) Current Protein and Characterizing flexible and intrinsically unstructured

Peptide Science, 13, 55-75. biological macromolecules by SAS using the Porod-Debye law
Durand D, Vives C, Cannella D, Pérez J, Pebay-Peyroula E,
Vachette P, Fieschi F. (2010) J Struct Biol. 169: 45-53,

Robert P. Rambo, John A. Tainer &%

First published: 20 April 2011 | https://doi.org/10.1002/bip.21638 | Citations: 412



Get to know your data before you model!

2) Five programs:
AutoRg — for first assessments of sy,

SHANUM - define the useful s ax.

DATCLASS — machine-learning method for the rapid geometric classification of SAXS
data (from proteins).

DARA — kd-tree searching of the PDB + Alphafold DB for similar scattering profiles.

AMBIMETER - assess the ambiguity of the scattering data.

EMBL ::



. s L S N LN N B e I e
AutoRg and s, 25 [ H
_ ° data -
....................................................................................... - e ;.- fit _:
] Near beam-stop |- E TN :
i garbage 2 -3.5 """**ﬂ:—*--_:-_-,-:;_,;__‘ ]
e -18 - - ]
-z:— ................... TS RS A N BRI SYEN BT AR B
...................... 0 0.05 0.1 0.15 0.2 0.25
S S
I A SN I L L L L B (L
b : saspp L paa Loa e gl ig el vomwels |-E
I 0 0.05 0.1 0.15 0.2 0.25
sz
ST | . ) L A 1
s, nm-’

After cleaning up! Is there sufficient data at the very lowest s to encompass the particle size?

At minimum, s, should = 7/D,;,.«
Better rule of thumb, s, = 1/Dpax




Shanum and s,
Shanum takes into account the statistical variance in

the data to assess the useable s,,,.

Are these near-zero intensities
any good?

A

I(s)

i T T T T T T T T T T
as : B!
s (nm-1)

Shanum will also estimate D,,,, for you
(or you can enter it yourself)

This bit is
‘informationless noise’

/

I
'\

Ns = 11.2

Useable =7
Smax = 2.2 nm-

If anything, measure to a higher
angle to increase Ns to 107?

\\.
B
g

ot
o
N,

X\‘-.
-
"lefHLl,ll |
Ns=7 '
Useable =7

smax = the whole profile

..............................
iy



Datclass

+ Classification of a protein shape using machine learning
methods based on the scattering profiles calculated from a
continuum of 488 000 geometric objects including
intrinsically disordered polymers

Solid sphere

. °
\.|_
2]

sd

o

"

|

oo

Flat disc

] %

1{s), redative e

, Hollow sphere

AR RITAY g
RERLIR .
Dumbbell LE)
= -
(o —w [
Class Label
25 0.02 %
Compact 122.913 74.05 %
Extended 5.382 3.24 %
I 9.734 5.86 %
[Ring | 154 0.09 %
Compact hollow 26.909 16.21 %
Hollow sphere 125 0.08 %
Random Chain 740 0.45 %
165.982  100.00 %

2

99.98% of the PDB maps into
the classifier space.
(a)




Datclass

+ Classification of a protein shape using machine learning
methods based on the scattering profiles calculated from a
continuum of 488 000 geometric objects including 99.98% of the PDB maps into
intrinsically disordered polymers the classifier space.

Solid sphere e (a)
o \ | AN / Hollow sphere

- Dumbbell LE} ]
Py @
j‘\}.__.--*" o
Flat disc
4 -
Class Label

25  0.02% 2
Compact 122.913 74.05 %
Extended 5.382 3.24 %

[Flat | 9734  586% aRg=3 qRg=4
[Ring 1 154 0.09 %

26909  16.21% For IDP and Flat/modular = an
:g:g;vnf phore. 125~ 008%  ensemble approach might be _

165982 10000%  considered! EMBL




IgG or IgA like MW estimates!

DARA scattering

DARA neighb

aaaa

. . Fit Hownload mdel N Volume e
Kd-tree nearest neighbour search of a .dat file or ¥ 5
GNOM.out file against calculated SAXS profiles — PDB / Voo
and Alphafold. e
%) \1s01ios | 2 53 173
https://dara.embl-hamburg.de/ : eﬁ,"-:?/’ e, F b i
- W e SE I
Ny TR s N Saadh IIIIi. Ill.
NG N\ J ,’I“\ ua7I0el 238 52 184
“\\ \\\ // \‘“ ,'l
.‘\\ 0% ___-T%E . » /
: \x\x\\_
wﬁn\.;..-}w\ -ﬂ%ﬁ
:"":'r-.l‘:.l.'*ir,t_l 3 30.65 7 KA P Ja‘; 1399kDa 2285 48 8.1
VWALl (4
llu r” rfll\lrlﬂllilhl'n e 2
LA
4 49,64 7 ZFFLE )ﬁ-.’ﬁl\‘- 160.5 255 5.2 18.9 nr

Combine DARA output with secondary structure prediction
(predicted all -strand). E.g., YAPSIN:
http://www.ibi.vu.nl/programs/yaspinwww/
E.g., ProteinPredict
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Ambimeter

‘Based on a set of (several thousand) shape topologies with pre calculated scattering profiles.

* Provides a sense of how ambiguous
a dataset is with respect to fitting
models.

* An ambimeter score of 0 to 1.5(ish)
are ‘potentially unique’ shapes.

- An ambimeter score of 2.9, for
example, is very highly ambiguous.

lg(I/1,)

What to do?

 Always run modelling routines
several times!

; » Use information from other
| > ) 4 . 6 techniques.

 Perform parallel modelling against
several SAS datasets.

EMBL




Ambimeter

‘Based on a set of (several thousand) shape topologies with pre calculated scattering profiles.

* Provides a sense of how ambiguous
a dataset is with respect to fitting
models.

* An ambimeter score of 0 to 1.5(ish)
are ‘potentially unique’ shapes.

- An ambimeter score of 2.9, for
example, is very highly ambiguous.

lg(I/1,)

What to do?

 Always run modelling routines
several times!

: : » Use information from other
: : » ] & : techniques.

'R
Flat things are highly ambiguous. Classification * |Perform parallel modelling against
as ‘flat/modular’ — are these modular with several SAS datasets. e
flexible linkers or just highly ambiguous? EMBL 22




More information = less ambiguity! @ o I
10+ 9 .“_\. a2 &
10 4 Ty i 5 c3
CO-PIA_ 3 c3 $
104 1 & & x & c4
Parallel SAXS F 0. A #
= modelling of domain ®)
il and domain i
constructs (truncation "%, . Co 6:_;-7;: C0 s
10%1 mutants) C SORUW 2L
= W P ke Ve
10+ 2 c
= m
10% 1 :
=  C2
3
= 107 ; .
A Final Target: fits ® g S
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DOES NOT ke CO sy . \\ lg?i, &
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. what is going on Ll e
G
101 4 - 5 2 li M/ |QGS
10 ] 7 '/M‘ 1g67
10121 “‘. ‘ ) /’”’ “§ 1966 65
10441 c4§_é',l e i
o
0 005 01 015 02 025 0.3 0.35
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More information = less ambiguity! From other methods.

()

Xay-ray crystallography

research papers

NMR

FRET HOLOGY
Electron microscopy

Mass-spec (HDX, cross linking)

Predictive methods (Alphafold)

IS5M 2059-7983

Acta Cryst. (2024). D80, 493-505

Validation of electron-microscopy maps using
solution small-angle X-ray scattering

Kristian Lytje and Jan Skov Pedersen*

Department of Chemistry and Interdisciplinary Nanoscience Center (iNANO), Aarhus University, Gustav Wieds Vej 14,
#000 Aarhus, Denmark. *Correspondence e-mail: jsp@chem.au.dk

https://doi.org/10.1107/52059798324005497




More information = less ambiguity! From other methods.
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Summary: Know your data.

Ry and /(0) from Guinier and p(r) — check for consistency through a concentration
series. ldentify concentration independent interparticle interactions: coulombic-
repulsive or aggregation. Deal with it.

Prepare your data for modelling: Spin and Spax from AUTORG and SHANUM. Make
sure Sy is at least = /D4, Or better yet, 1/D,5y!

Molecular mass estimates — very important for guiding the modelling approach!

Ambiguity.

EMBL ::



Any questions so far?




Lets do some atomistic model fitting!
https://www.sasbdb.org/data/SASDFP8/
Atomistic all-atom

model — e.g., from the
PDB, Alphafold, etc

Assessing SAS-data
model fit

Error-normalized residual plot— looking
systematic deviations between the calculated
model scattering intensities and the
experimental data. CORRECT ERRORS.

Fit validation

Metric alue .
ad T B Corl\/lap P and }(2 evaluations

EMBL




Assessing SAS-data model fits — Methods abound!

Approach

CRYSOL

AXES

FoXS

HyPred

AquaSAXS

Modeling of the
hydration layer

Implicit layer using an
envelope function

Explicit water molecules
using equilibrated water
boxes

Implicit layer based on
surface accessibility

Explicit water molecules
based on MD
simulations

Solvent-density map
using the dipolar PB-
Langevin approach

Representation
of the molecule

All-atom

All-atom

All-atom or
coarse-grained

All-atom

All-atom

References

Svergun et al. J. _
ool ryer. (1o0s) CRYSON —for SANS
Grishaev et al.

JACS (2010)

Schneidman-
Duhovny et al.

NAR (2010) FoXS — Debye formula

sin gr;;
Virtanen et al.
Biophys. J. (2011)

I(q) = Z ZWij ar.

Poitevin et al.
NAR (2011)

Dina Schneidman-Duhovny...is here!
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Assessing SAS-data model fits — Methods abound!

Approach Modeling of the Representation References

& waxsis.uni-saarland.de C

hydration lay:

CRYSOL Implicit layer uj

envelope funct W A X S S

Leamn More ©

AXES Explicit water i
using equilib

boxes WAXIS — molecular dynamics for the hydration layer!

Help About Contact Links Jobs in Queus: 0

5] & team.inria.fr & & team.inria.fr

NANO-D NANO-D

Algorithms for Modeling and Simulating Nanosystems Algorithms for Modeling and Simulating Nanosystems

La Région @
Aurver ge-Rhie

- Alpes

Aupvergr - Al
HOME NEWS TEAM RESEARCH ~ | PUBLICATIONS | SOFTWARE v~ | JOB OPENINGS CONTACT HOME NEWS TEAM RESEARCH ~ | PUBLICATIONS SOFTWARE ~ | JOB OPENINGS CONTACT

# > Software » Pepsi-5AXS # > Software > Pepsi-SANS

Pepsi-SAXS Pepsi-SANS

PEPSI-SAXS and PEPSI-SANS




Assessing SAS-data model fits — Methods abound!

Approach Modeling of the Representation References | Jochen Hub...is here! |

i waxsis.un

hydration lay:

CRYSOL Implicit layer uj

envelope funct W A X S S

Leamn More ©

AXES Explicit water i
using equilib

Help About Contact Links Jobs in Queus: 0

_ =——TBoxes WAXIS — molecular dynamics for the hydration layer!
Sergei Grudinin...is here! | | .

NANO-D NANO-D

Algorithms for Modeling and Simulating Nanosystems Algorithms for Modeling and Simulating Nanosystems

La Région @
Aurver ge-Rhie

- Alpes

Aupvergr - Al
HOME NEWS TEAM RESEARCH ~ | PUBLICATIONS | SOFTWARE v~ | JOB OPENINGS CONTACT HOME NEWS TEAM RESEARCH ~ | PUBLICATIONS SOFTWARE ~ | JOB OPENINGS CONTACT

# > Software » Pepsi-5AXS # > Software > Pepsi-SANS

Pepsi-SAXS Pepsi-SANS

PEPSI-SAXS and PEPSI-SANS




Assessing SAS-data model fits — Methods abound!
research papers ')

I U C ] Benchmarking predictive methods for small-angle
I X-ray scattering from atomic coordinates of

F s proteins using maximum likelihood consensus data
BIOLOGY | MEDICINE

Jill Trewhella,** Patrice Vachette® and Andreas Haahr Larsen®

3School of Life and Environmental Sciences, University of Sydney, NSW 2006, Australia, Institute for Integrative Biology
Received 5 March 2024 of the Cell (12BC), Université Paris-Saclay, CEA, CNRS, Gif-sur-Yvette, Paris 91198, France, and “Department of
Accepted 23 May 2024 Neuroscience, University of Copenhagen, Blegdamsvej 3, 2200 Copenhagen, Denmark. *Correspondence e-mail:
jill.trewhella@sydney.edu.au, patrice.vachette@i2bc.paris-saclay.fr

https://doi.org/10.1107/5205225252400486X IUCr) (2024). 11, 762-779
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Workhorse in ATSAS: CRYSOL (for SAXS)

Convert the atomic
coordinates of a model into
a convenient mathematical
expression for fitting or
modelling.

Calculate the envelope
function from the centre of
the macromolecule from a
common/coincident grid
origin.

Take into account the
atomic scattering, the
excluded volume and
hydration shell
scattering.

Electrons (nuclei)

are ‘points’\

Excluded
volume with
the SLD of the
solvent.

i 7

SLD of the LI
hydration layer = T
is slightly 3

different to N e
bulk.

A,(S):

A(s)

Ay(S):

SLD of the solvent

I(s)= <|A(s)\2 >Q = <\Aa (s)— oA (s) top, Ay (S)’2>Q

atomic scattering amplitudes in vacuum

scattering amplitudes from the excluded
volume

scattering amplitudes from the hydration
shell

CRYSOL (X-rays): Svergunetal. (1995). J. Appl. Cryst. 28, 768

CRYSON (neutrons): Svergun et al. (1998) PN.A.S. USA, 95, 2267




Workhorse in ATSAS: CRYSOL
19)=(A6)" ) =(A.0)-PA O +oRALG) )

Either fit the experimental data by varying the density of the hydration layer dp (affects the
third term) and the total excluded volume (affects the second term).

Or predict the scattering from the atomic structure using default parameters (theoretical
excluded volume and bound solvent density of 1.1g/cm3).

Provide output files (scattering amplitudes) for rigid body refinement routines.
Compute particle envelope function F(w)

The ‘spherical wave bit’ can be
mathematically expressed in terms of a
_ _ summed set of independent spherical
ib 7 Spherical wave bit harmonics (as a multipole expansion):
= e

1 o i‘
) 2
ZAN I(s)=27"%, > |4, ()
=0 m=-=I
In 1970, Stuhrmann showed that the information

‘Scattering factor’: relates to the atomic
cross section, i.e., scattering length, or

probability of an atom to scatter for every content of a SAXS profile can be conveniently
atom in the sample. described in terms of a sum of spherical harmonic
functions.

EMBL ::



Spherical Harmonics

Essentially given a set of atomic coordinates in 3-dimensions (i.e., X, y, z coordinates), and knowing the identity of each atom at that coordinate
(i.e., the atomic form factor), as well as the atomic volumes and scattering length densities, we can calculate the scattering amplitudes from the
entire structure. As a result we can calculate the scattering intensities (i.e., the square of the scattering amplitudes.)

L /
F@)=F (@)=Y fim Ym(®)
I=0 m=-1I
Aoo(s)

l, 0<r<F(w) A2(S)
pr)=
0, r>F(w)

I(s) = <I(s)> = the Fourier transform of p(r) squared i.e., <(Fo(r))?>>



How many spherical harmonics to use in CRYSOL?

If you use the first harmonic only, i.e., zeroth-order, then the calculated intensities from the model will be a sphere.

This is okay only if you want to describe the overall SIZE of the object, i.e., at the very lowest of angles in the
Guinier region of the scattering profile. The zeroth-order harmonic dominates the very lowest angles of a calculated

scattering profile!

If you use two harmonics, you will introduce an additional ‘shape feature’ into the calculated scattering intensities
across s...but the resulting shape will probably still look like a sphere..with a couple of very low humps.

If you continue to increase the number of harmonics, you introduce additional shape features across s. However,
the more harmonics you introduce the less impact on the overall calculated scattering is observed at the low angles

(i.e., in the SAXS regeime).

Typically 15-30 harmonics are used to describe size and the shape of the object. However,
this depends on the CLASSIFICATION of an object. Clearly, if the object is an extended rod,
you probably need additional spherical harmonics terms.

EMBL ::



I(s) from a globular structure using different numbers of harmonics

Convergence

—— { 10and 30 }
: e 5 _____________

||||||||||||||||

)
ngege
-



I(s) from an extended structure using different numbers of harmonics

. ol W ¥
i SR STIEEEEENN | e PR e % g Y
- i — S Ty \‘_b‘___ gt G o —a LY. g = . e
~~~~~~~~~~~~~~~~~~~~ Lower order capture ...yes this protein is real. It is
- N Gunior P called SASG — SASBDB search it.

II/ \\‘\
/
{
Higher-orders required to

describe the anisotropic
structure! Computationally
expensive!

EMBL &



Centre your atomic models!

THE MODEL SCATTEING AMPLITUDES (and therefore the resulting intensities)
MUST BE CALCULATED FROM THE ORIGIN, i.e., the models must be centred,
otherwise you loose low-order harmonic contributions.

ATSAS tool: alpraxin

EMBL ::



For macromolecules with cavities and holes — explicit hydration water using
CRYSOL3

+ Hydration shell representation as envelope function (CRYSOL — implicit solvent layer) or dummy
solvent beads, i.e., explicit solvent layer (CRYSOL 3).

« Explicit solvent modelling is important for internal cavities!

™)
© Especially important for ring-shaped, hollow
@ Small cavities sphere, very small (less than 10 kDa) or very

(excluded volume  extended particles. Otherwise CRYSOL is fine.

adjustment)

=
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Assessing data-model fits — 42

...knowing what model does NOT fit the data can be as valuable as knowing what model(s)

do fit the data!

Calmodulin: X-ray crystal structure

PDB: 3CLN

CRYSOL fit to the SAXS data. The goodness of
fit is described by the reduced #? discrepancy.

2 1 |:IeXP(SJ)CI(SJ):|2

N -1 o(s;)

=208
The crystal structure does not fit the
solution scattering whatsoever!




2 2
A note on 4 ;{2 _ 1 Jexp(Sj)_CI(Sj) ]
W=l o(s;)

The errors on the scattering intensities need to be correctly specified, otherwise the test is, by default, INVALID. Errors follow
Poisson counting statistics that limit to a gaussian distribution after many repetitions (for photon counting detectors).

If the errors are correctly specified and no significant (systematic) deviations are present between the experimental and
modeled intensities, the value should lie in the range of approximately 0.9-1.1 depending on the number of points in the dataset
(0.9-1.1 is typical for over-sampled SAXS data on modern detectors).

Same intensities, same model, but different error estimates

=208 | =12
[P With correct errors | With incorrect errors
_—_ \\ 4
o \\
= | D

LY

A

'h%_ g

[T [ 035 1 5 T 5 2 . J
reduced |’ ] .
s o2
] .
- MBL :
T T T T T T T -
a as ar 2 az » a3 o az a1 an 0z am




Correlation Map: CorMap P

: oIq)? - o(q)I(q))
J=|1(qr) |, Z= : k :
' o(l(g) I(qr) -  ollg))?

I i :
O Uexp (@) = —— 3 Texp (e ~ Texp(ar))”
i=1
On-diagonal variance.

O'(Iexp(‘?k): Iexp(qlf)) =
%léuup(qk),- ~ Teap @ Lexp @): — Tenp(@))
Off-diagonal co-variance between

all point-
to-point gy and q.

st =" i)' i
Statistically ‘ A
significant, systematic,| [
differences between . ==
the modelled and
experimental
intensities

P <0.01

random small
patches = low
probability of
systematic
differences (i.e.,
the pairwise
comparison fits)!

P> 0.01

q,nm”™"




Error normalized residual plots

Model fits to the data are also evaluated using
normalized residual plots to help assess systematic
model-fit deviations from the data in addition to over or
under-estimation of the errors.

2 0.01

Over-estimated errors
CorMap P > 0.01

7 1.0
CorMap P > 0.01

Severely over-estimated errors
CorMap P < 0.01

(I(s)experiment — cI(s)model)

resudual =

a(1(s))

7125

Severely under-estimated errors
CorMap P > 0.01

=
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Lets do some atomistic model building!

SREFLEX

OLIGOMER

SASREF

BUNCH

CORAL

Ensemble Optimization Method (EOM)

EMBL ::



Modelling 3D-structures that fit SAXS data is perhaps the fundamental ‘art’
of small-angle scattering!

The major considerations to keep in mind when modelling SAS data are:

There is often more than one model that fits the data equally well.

SAS data is inherently noisy.
SAS data is inherently ambiguous.

.
o2e
o230
agagetels
%s%s% %
E M B R
HI T
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Lets do the easy bit first: get the right sequence and the right PDB (or .cif) file(s).

You should know the amino acid sequence of the protein (or polynucleotide, any other
macromolecule, etc.) used for the SAS experiment. You should also know if the macromolecule
binds metals, ligands, lipids, detergents, is glycosylated, etc.

For proteins, use UNIPROT as a a fundamental resource to obtain the correct canonical sequence:
www.uniport.org

You should know what rigid-body (or bodies) you want to use for the modelling, i.e., the atomic
coordinate PDB or .cif files.

Extract the amino acid sequence from the PDB file.

Align the atomic coordinate (.pdb/cif) amino acid sequence with the amino acid sequence of the
EXACT protein used for the SAS measurement.

Deal with missing side-chains in the atomic coordinate file (account for ALL OF THE MASS).

EMBL ::


http://www.uniport.org/

Amino acid sequence of protein Atomistic model from PDB file (filename.pdb)
used for SAS

HMHHHHHHTRGSNNEEAICSLCDKKIRDRFVS
KVNGRCYHSSCLRCSTCKDELGATCFLREDS
MYCRAHFYKKFGTKCSSCNEGIVPDHVVRKA
SNHVYHVECFQCFICKRSLETGEEFYLIADDA
RLVCKDDYEQARDGGSGGHMGSGGGIGPLM
VQPATPHIDNTLGGPIDIQHF

\L What is the amino acid sequence?

Align the sequences using ¢

Clustal Omega
ATSAS tool: pdb2seq

http://www.ebi.ac.uk/Tools/msa/clustalo/

GSNNEEAICSLCDKKIRDRFVSKVNGRCYHSS
CLRCSTCKDELGATCFLREDSMYCRAHFYKK

FGTKCSSCNEGIVPDHVVRKASNHVYHVECF This will save the sequence in the text file called
QCFICKRSLETGEEFYLIADDARLVCKDDYEQ ¢— .. ,

ARDGGSGGHMGSGGGIGPLMVQPATPHIDNT filename.txt

LGG

PIDIQHF

Amino acid sequence of protein
from PDB or .cif file




& (O wwwebiac.uk/Tooks/msa/clestalo/

aQ
1

EMBL-EBI

lustal Omega

Input form

: # EMBL-EBI SV Research Training Industry About us Q
Tools > Multiple Sequence Alignment > Clustal Omega

Multiple Sequence Alignment

Clustal Omega is a new multiple sequence alignment program that uses seeded guide trees and HMM profile-profile techniques to generate alignments
between three or more sequences. For the alignment of two sequences please instead use our pairwise sequence alignment tools,

Clustal Omega

Important note: This tool can align up to 4000 sequences or a maximum file size of 4 MB,

STEP 1 - Enter your input sequences

Input form ‘ Web services ‘ Help & Documentation
Enter or paste a set of

PROTEIN - Tools > Multiple Sequence Alignment > Clustal Omega
sequences in any supported format:

e Results for job clustalo-120170905-075837-0782-2223:

AEEhsY Result Summary | Phylogenetic Tree . Submission Details
GATCFLREDSMYCRAHFYKKFGTKCSSCNEGIVPDHYVRKASNHVYHVECFQCE

Download Alignment File Show Colors  Send to Simple_Phylogeny
GRLMV! HIDNTLGGRIDIQHE

Or, upload a file:  Browse.. Mo fie selected.

CLUSTAL O(1.2.4) multiple segquence alignment

SAS_Protein

NMEEAICSLCDEKIRDRFVSKVNGRCYHSSCLRCSTCKDELGATCFLR
PDB_sequence

ANNEEAICSLCDEKIRDRFVSKEVNGRCYHSSCLRCSTCKDELGATCFLR

T L]

Oops! Part of the sequence missing in
the PDB file! This missing fragment will
LIADDARLVCKDDYEQARDGGSGCGHMGSGGGIGPLMVQPATPHIDNTLGGPIDIQHF

have to be bu”t' DO nOt Worry' - 'ATSAS PDB_seguence LIADDARLVCKDDYEQARDGGSGGHMGSGGGIGPLMVOPATPHIDNTLGGPIDIQHE
rigid_body modelling programs Can deal L L L e L e
with this!

SAS_Prprein EDSMYCRAHFYKKFGTKCSSCNEGIVPDHVVREASNHVYHVECFQCFICKRELETGEEFY

PDB-Sequence EDSMYCRAHFYKKFGTKCSSCNEGIVPDHVVREASNHVYHVECFQCFICKRSLETGEEFY

L T e s et

SAS_Protein

PLEASE NOTE: Showing colors on large alignments is slow.




Amino acid sequence of protein
used for SAS

HMHHHHHHTRGSNNEEAICSLCDKKIRDRFVS
KVNGRCYHSSCLRCSTCKDELGATCFLREDS
MYCRAHFYKKFGTKCSSCNEGIVPDHVVRKA
SNHVYHVECFQCFICKRSLETGEEFYLIADDA
RLVCKDDYEQARDGGSGGHMGSGGGIGPLM
VQPATPHIDNTLGGPIDIQHF

¢

Align the sequences using

GSNNEEAICSLCDKKIRDRFVSKVNGRCYHSS
CLRCSTCKDELGATCFLREDSMYCRAHFYKK
FGTKCSSCNEGIVPDHVVRKASNHVYHVECF

ARDGGSGGHMGSGGGIGPLMVAPATPHIDNT
LGG
PIDIQHF

Amino acid sequence of protein
from PDB or .cif file

QCFICKRSLETGEEFYLIADDARLVCKDDYEQ  &—

Atomistic model from PDB file (filename.pdb)

What is the amino acid sequence? .
ATSAS tool: pdb2seq

J

This will save the sequence in t+
‘filename.txt’

0
ogexo\*

DRV ARG Y ML RC KDL 147
T R

LT VA YRR AP AN PRADYY
P S

SRS Resut Summary | Phyiagenstic Tree | Submission Details

SN TH R RASHE TR TC T GF

Download Alignment Fle  Show Colors  Send to Simple_Phylogeny

Oaops! Part of the sequence missing in
the PDB file! This missing fragment will
have to be built. Do not worry... ATSAS
rigid-body modelling programs can deal
with this!

PLEASE NOTE: Showing colors on lage alignments is siow.
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For proteins RNA, DNA, etc, just use AlphaFold3

https://golgi.sandbox.google.com/

AlphaFold Server

Powered by AlphaFold 3

G Continue with Google

AlphaFeld 3 model is a Google DeepMind and Isomorphic Labs collaboration




But my structure *almost* fits the data, can | just wiggle it a bit? - SREFLEX

Employs normal modes
pattern of motion on
domain-partitioned
structures.

Automated or manual
domain partitioning
possible.

Works with proteins!

Deciphering conformational transitions
of proteins by small angle X-ray
scattering and normal mode analysis

A. Panjkovich, D.l. Svergun (2016)
Phys Chem Chem Phys. 18, 5707-19

Used for spatial refinement of
models using small structural
adjustments.

Great for assessing whether slight
conformational movements are
required to fit SAXS data (e.g., from
crystal or AF-predicted structures).

=
atatatete
H



After normal mode
Start structure

'1f0' o '2.0'
S, nm-’

ATSAS online version applied additional CONCORD refinement

EMBL :




After normal mode

Start structure

'1f0' o '2.0'
S, nm-’

ATSAS online version applied additional CONCORD refinement




Combine SREFLEX with Multi-FoXS

Ask SREFLEX to output the
normal mode models. Generate a

normal mode pool. Do some basic
scoring.

Get Multi-FoXS to fit the resulting
NMA ensemble

Initial model: Manually define the rigid
bodies in SREFLEX

Why FoXS? Well...I think it handles the
somewhat complicated ‘rough’
glycosylated surface a bit better.

EMBL i



Scattering from mixtures

Possible to obtain the volume fraction contribution to the total scattering profile of
individual components of mixtures.

](S):Z vi 1, (5)

EMBL ::



ATSAS program: OLIGOMER

2 Sy

Monomer model is too small:
does not fit Guinier region!

l T
Monomer fit: 2 = 2.6

Ry=2.8nm Experimental R, = 3.05

Dimer model is too big: does
not fit Guinier region!

SRR Oligomer fit: 2 =1.3
Dimer fit: 2 = 68! '| "1 90% monomer; 10% Dimer

Ry =3.9 nm

T T T T T
s o L5 o o




foXS combined with Multi-foXS!

|

Fast SAXS Profile Computation with Debye Formula R

X

Login About FoXS Home Queue Help FAQ Download Links

Type PDB code of input molecule or upload files in PDB or mmCIF format (zip file with several PDB/mmCIFs can be

uploaded):

-

Input molecule:

~

Experimental profile:  Choose File no file selected (optional) sample input ~TTmmmmmmmememememT

e-mail address: (optional, the results are sent to this address)

Job name: (optional)
Submit Form  Clear

(PDB:chainld e.g. 6lyz:A) or upload file: (: Choose File no file selected

-. Can upload a zip file with

1
’

-~ multiple structures

Assess the individual model
fits, then also pass the

NEwW! MulfiFeXS Now with conformational sampling and multi-state modeling, try here

models to Multi-foXS for

If you use FoXS, please cite:

oligomeric analysis

Schneidman-Duhovny D, Hammel M, Tainer JA, and Sali A. Accurate SAXS profile computation and its assessment by contrast variation experiments. Biophysical

Journal 2013. 105 (4), 962-974

Schneidman-Duhovny D, Hammel M, Tainer JA, and Sali A. FoXS, FoXSDock and MultiFoXS: Single-state and multi-state structural modeling of proteins and their

complexes based on SAXS profiles NAR 2016 [ FREE Full Text ]
Contact: foxs@salilab.org




Structure still does not fit — try some rigid body modelling

e
(lj J : fjA
e e
£ J
The structures of two (or more) subunits in reference positions A
are known. <
s Ol
Arbitrary complex can be constructed by moving and rotating AR -
the subunits. >\l )
‘;; . !/;’ /A
S
This operation depends on three Euler rotation angles and three “: © ‘ {
Cartesian shifts. O
‘;‘, ©
' ™)
s ©



Structure does not fit — try some rigid body modelling

The structures o
are known.

Arbitrary comple
the subunits.

This operation d
Cartesian shifts.

y 3 Shift: x, y, z -
{aard N
| B | N\
\ / WRotation: \ )
- a, B,y :

The partial amplitudes of a rotated and displaced subunit are
expressed via the initial amplitudes, three Euler rotation
angles and three Cartesian shifts):

A(U’,m(s) = A(U‘,m(s) {Ao(f)fm(s), o @ B M Y M x O y M z (f)}_

i " For symmetric particles,
1 (S)=27r Z Z\ ZA”fm(S)I there are fewer parameters
st o and the calculations are faster

Svergun, D.I. (1991). J. Appl. Cryst. 24, 485-492

R
B
o N
™ .
p
g @\
¢

-----
sseselele
.........



The target function:

E({X}) = 2°[U(5). Loy (9)]+ 2,

is minimized...basically 2 plus penalties!

Penalties describe model-based restraints and/or introduce the available

additional information from other methods: MX, NMR, EM, Alphafold etc).

A brute force (grid) search is applied if the number of free parameters is
small.

Otherwise a Monte-Carlo based technique (e.g. simulated annealing) is
employed to perform the minimization of E({X}).

EMBL ::



A note on y?

Iexp(sj)_CI(Sj)

a(s;)

g |1

T E(X) = 2106 LN+ Y

W




Incorporate information from EM, crystallography, NMR,
biochemistry (e.g., cross linking, Mass-spec), FRET and

bioinformatics...and of course for proteins...Alphafold! Default ‘sensible’ modelling restraints

like:

- * Minimise clashes.
Search volume :

determination ';

 Maintain contacts.

Rigid body
modelling

Missing

fragments
Oligomeric

mixtures gﬁ

Don’t shift too far from the origin!

*  For dummy residues, make dihedral
angles and Ramachandran geometry
sensible.

QOrientations

Interface

mapping

{ I "

* Do not inter-penetrate subunits
(interconnectivity).

oy ({
glyes}:‘ietr":'?s %”m ﬂé’f Secondary
e =2 EMBL &




SASREF (for SAXS), SASREFcv (for SAXS and SANS)

Each subunit is treated as an individual rigid body. Protein, DNA, RNA, etc.
Assumes the atomistic models are COMPLETE i.e., no missing fragments or mass!

Options to perform MIXTURE modelling (e.g., monomer-dimer; SASREFmx) or CONTRAST VARIATION (SAXS and
SANS; SASREFcv).

Start from arbitrary initial orientations of the subunits — at the grid origin.
Simulated annealing is employed.

Search of interconnected spatial arrangement of the subunits without clashes.
Random movement/rotation at one SA step.

Fitting the scattering data by minimizing the target function.

Additional restraints may be applied.

Petoukhov, M. V., and Svergun, D. |. (2006). Eur Biophys J., 35, 567-576

EMBL ::



SASREF restraints

Subunit clashes or disconnected models are penalised!

Disconnected
models are
penalised.

Inter penetrating
subunits are
penalised.




SASREF inputs

For SAXS:

* Rigid body starting models — centred to an origin. Protein, DNA, RNA, etc.

« Scattering amplitude files of each rigid-body model calculated using CRYSOL.
« Contacts file (optional).

« Symmetry information. Alphafold3 of course be used
if no contact information is

_ _ _ available.
Contact information can be exceptionally useful! -

) 00

-

No contact information Single contact



Other docking methods

pyDockSAXS

Protein-protein interactions using SAXS and computational docking

fei{$ Dock

Macromolecular Docking with SAXS Profile

About Job

Login  Web Server About FoXSDock Queue Help Download Links
pyDockSAXS server is a web server for rigid-body i —
; . : eceptor )
Type PDB codes of receptor and ligand molecules or upload files in PDB format sample input files protein-protein  docking  that  combines ¥ e Choose File no file selected
computational and experimental information.
Receptor (PDB:chainld e.g. 2kai:A,B) or upload file:  Choose File  no file selected On one side the server uses the new version of Ligand PDB (7): =
Ligand (PDB:chainld e.g. 2kal:1) or upload file:  Choose File no file selected pyDock (pyDock 3.0) to energetically evaluate the A Choose File /no file selected
i ) interaction surface of multiple docking poses.
Complex SAXS proflie  Choose File o file selected On the other side, the server evaluates the SAXS i | o
’ ) ; ‘ experimental curve (7): Choose File no file selected
e-mail address (the results are sent to this address, optional) capacity of each pose to describe the
B ) b i experimental curve of SAXS with the program
mplex Pl d |l d in th rrespand rder! 5 2 .
Complex type gt 8 Ease: gpecity recegier.and {igandin'ths oo - CRYSOL. The appropriate combination of both Contact email (7} (optional)
Submit  Clear scoring functions yields predictions of the 3D

Advanced Parameters arrangement of the complex in solution.

Job name Please find the details of the method here.
For advanced users only (optional):
Weighted SAXS scare Welghted SAXS scoring that accounts for monomers contribution
Distance constraints Choose File o file selected Reference Choose File no file selected
Submit  Clear

Please cite these references if you use
pyDockSAXS server in your research:

will load an example Load example data

-and, and SAXS data

pyDockSAXS: protein-protein complex structure
by SAXS and computational docking, B Jiménez-

Garefa, C Pons, DI Svergun, P Bernadd and |
Schneidman-Duhovny D, Hammel M, Sali A, Macromelecular docking restrained by a small angle X-ray scattering profile. J Struct Biol, 2010 [ Abstract |

Schneidman-Duhowny D, Harmmel M, Tainer JA, and Sali A. FoXS, FoXSDock and MultiFoXS: Single-state and multi-state structural modeling of proteins FEJTHGI’HE'EZ-RECJCI. Mucleic Acids Research 2015;
complexes based on SAXS profiles. NAR 2016 [ FREE Full Text ] doi: 10.1093/nar/gkv368

Contact: dina@salilab.org

If you use FoXSDock (version ), please cite:

| accent that results from ovDockSAXS are offered without warranty

EMBL




More complicated examples — Dealing with missing stuff, linkers, etc.

X-ray crystal structure
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Missing stuff, linkers, etc

Add glycans (ATSAS
tool glycosylation)

Missing N-terminus —
Dummy residue addition

Missing C-terminus —
Dummy residue addition

X-ray crystal structure



& C & glycam.org

/' GI.YCAMQ Home About News Legacy

Add glycans (ATSAS
tool glycosylation)

Missing stuff, linkers, etc

Missing N-terminus —
Dummy residue addition

7#X% Introduce movement between
i} /1domains in the connecting linker

Missing C-terminus —
Dummy residue addition

X-ray crystal structure
EMBL § ¥



BUNCH — will optimize domain and dummy-amino acid positions

For SAXS only!

Single residue polypeptide chain only, i.e., ‘protein domains’!

With or without symmetry — multiple curves allowed, e.g., domain
truncation mutants.

« Models missing linkers and mass as a set of dummy residues.

A two-step procedure.

* pre_bunch
* bunch

Requires the domain PDB files and the EXACT protein sequence
along with the SAXS data and scattering amplitudes calculated by
CRYSOL.

EMBL ::



BUNCH — will optimize domain and dummy-amino acid positions
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ATSAS - CORAL

SASREF - is good for modelling whole/complete complexes against
SAXS data.

BUNCH - is good form modelling single polypeptide chains with
missing fragments, or linkers connecting modules/domains against
SAXS data

CORAL combines both concepts into one!

CORAL - Protein, DNA, RNA, glycosylated systems and
complexes...all are possible!

Known subunit interfaces can be preserved by grouping subunits
together.

CORAL is also a great deal faster than BUNCH (CORAL can be used
to model single polypeptide chains as well, and it is much faster!).

...SAXS only!! EMBL :




*  CORAL requires the SAXS data, domain/subunit atomic coordinate files along with
the scattering amplitudes calculated by CRYSOL. A contact file is also possible!

« CORAL requires and additional .con file telling the program where to generate the
linkers for each subunit:

NTER 6 Forexample
KD _monomer1_1coral.pdb
LINK 10
KD _monomer2_1coral.pdb
CTER 10
NTER 4 Subunit
KD_monomer2_coral.pdb interfaces can  SEEEEE
CTER 10 be preserved in TSN
DNA.pdb the core particle | THEESEE
* At some point the program will ask: / RANLOGS

/

I T o

I v »
: . I Ty I ; database
Pair of domains to group (- -
\

Where you can specify to preserve the S /Sma"er extensions can
spatial orientation between subunits. In the be left to ‘flop about
above, e.g., 3,4 and also 4,3 to preserve without obeying
KD _monomer2_coral.pdb with DNA.pdb symmetry EMBL :




Always check the final model fits using CRYSOL

Approach

CRYSOL

AXES

FoXS

HyPred

AquaSAXS

Modeling of the
hydration layer

Implicit layer using an
envelope function

Explicit water molecules
using equilibrated water
boxes

Implicit layer based on
surface accessibility

Explicit water molecules
based on MD
simulations

Solvent-density map
using the dipolar PB-
Langevin approach

Representation
of the molecule

All-atom

All-atom

All-atom or
coarse-grained

All-atom

All-atom

References

Svergun et al. J.
Appl. Cryst. (1995)

Grishaev et al.
JACS (2010)

Schneidman-
Duhovny et al.
NAR (2010)

Virtanen et al.
Biophys. J. (2011)

Poitevin et al.
NAR (2011)

NANO-D

Algeeithin fr Mogiting and Sirvwlaling Marosysters

Coia— @

Pepsi-5AX5

NANO-D

Migorithmes for Modekng and Simulating Nanosystems

Lo @ W NI

Pepsi-5ANS

PEPSI-SAXS and PEPSI-SANS /BL :




Always check the final model fits using CRYSOL

Approach Modeling of the Representation References
hydration layer of the molecule
CRYSOL Implicit layer using an All-atom Svergun et al. J.
envelope function Appl. Cryst. (1995)
AXES al.
You can use other programs as well, but be [E—
careful, not all fitting programs can handle WAXIS
% dummy-residues! ’
i NANO-D
Algoeithis for Modaing and Simulaling Narasyitems
HyPred Explicit water molecules All-atom Virtanen et al.
based on MD Biophys. J. (2011) e
- = Pepsi-5AX5
simulations
AquaSAXS Solvent-density map All-atom Poitevin et al. mg;g R—
using the dipolar PB- NAR (2011)

Langevin approach

Pepsi-SANS

PEPSI-SAXS and PEPSI-SANS /BL :




If there is one message, | want to get across today — always
consider ambiguity!

* You must run your selected rigid body modelling routines at least 10 times and check
for the spatial consistency of the models (spatial alignment using supcomb).

« Atthe end of a BUNCH, SASREF or CORAL run check the fits with CRYSOL!
« Use Correlation Map to assess fits if you are unsure about your experimental errors!

« Error normalized residual plots are a great tool to visually assess systematic
differences between modelled and experimental scattering intensities.

« ...also apply common sense.
* | usually do 20 modelling runs, check the individual model fits with CRYSOL (using 30

harmonics, minimum), then order the CRYSOL fits in terms of x2 and CorMap P, then
spatially align all models that fit the data to assess consistency.



My structure is moving all over the shop!

Ensemble optimization method (EOM)
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Ro enable characterization of the flexibility quantitatively, with Rflex = ~82% and Rilex = ~45%, for
uPARWT and uPARHATC-N259C, respectively, reflecting a significant change in compactness of the particle
upaon mutation (with a threshold of randomness of ~85% calculated from the pool). [Tria, G., Mertens, H.
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My structure is moving all over the shop!

Ensemble optimization method (EOM)
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Is it only a matter of time before AlphaFold can build ensemble
models by itself?
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Thank you and goodbye!

SAXS Team@EMBL

Dmytro Soloviov
Melissa Grawert
Clement Blanchet
Aleksi Sutinen

Everyone involved in ATSAS over the years!
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