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Ab initio modeling

From a 1d curve to a 3d model from the SAXS data only

How is it done?
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Outline

Form factor from geometrical shape
Envelope function using spherical harmonics
Bead/dummy residue modeling:

* Principles

* Different flavors of ab initio modeling

* Words of caution

Reconstructing electron density, DENSS
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Computing form factor from simple geometrical shape

I(s) = A(s) - A*(s)

A(s) = j o(r). e~ qu,
V.

r

For simple geometrical shapes, the form factor can be
computed from the electron density.
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Example: form factor of a solid sphere

Form factor of sphere P(g) = A(q)/V?

From factor of a solid sphere

X 1000 rri
p(r)

1 100 ¥ -
0 R » T 10F a
R . 1 T =

A(g) = 4:1']' p(r) in(gr) ridr = j sin(gr) ridr 5

qr 0 qr
0.1 g
= 4—” sin(qr) rdr =
! 0.01

0.1 100

THH
---------

Jan Skov Pedersen -EMBL 2



The sphere case is trivial,

It quickly become complicated

92

CHAPTER 3

Table 3.4. Equations for Scattering Intensities of Simple Bodies

Uniform sphere of
radius R

Spherical layer with
radii R, > R,

Triaxial ellipsoid
(semiaxes a, b, ¢)

Ellipsoid of rotation
a.a.va

Parallelepiped
(edges 4, B, C)

Right elliptical
cylinder with
height H, semiaxes
of ellipse a, va

Right hollow cylinder
with height H,
outer radius R,
inner radius R,

Right cir.cuIar cylinder
of radius R, height H

(a) R = 0 (infinitely thin

rod, height H)

(b) H = 0 (infinitely thin

disk, radius R)
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DETERMINATION OF THE INTEGRAL PARAMETERS OF PARTICLES
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Figure 3.12. Scattering curves for prolate ellipsoids of rotation with r:

v = c/a (after Kratky and Pilz, 1972),

I(s) = I(s, X) [e.g., for an ellipsoid X = (a, b, ¢)], one can a
algorithm described in Section 3.2. From the approximati
ent classes of bodies we can choose that providing the be
with experiment (namely, with the scattering curve and the
invariants). It should be noted, however, that the scatterir
sufficiently large 5, even in a region of homogeneity, cannot
represented by the scattering curve from a simple body;
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Example: modeling nano-disc

"qf'-ﬂ!" + -"'"-'-h;ih + Ameth + A-Jml:l - Ad:'.u:

Skar-Gislinge et al. J. Am. Chem. Soc.



Envelope reconstruction using spherical harmonics




Envelope representation

Scattering Density in Spherical Coordinates:

1, if0<r < F(w)
p(r) = .
0, ifr > F(w)

where 1 is the radial distance, and F'(w) is an envelope function describing the
shape of the particle.

Shape Parameterization by Spherical Harmonics:

L1
F(w) ~ Fr(w) = Z Z fim Yim(w)

=0 m=—1

where:

. gm(w} are the orthogonal spherical harmonics,
* fin are the parameterization coefficients,

e L is the maximum order of harmonics used for the shape description.

550 o



Scattering curves computed using spherical harmonics

Theoretical Scattering Intensity:

Itheur(s) = Z

=0

where:

o Iiheor(8) is the theoretical scattering intensity,
o Aj,(s) represents the amplitude contributions from partial harmonics

* 5 is the magnitude of the scattering vector.
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Sasha: building envelope from SAXS data using
spherical harmonics

| Analyze Solutien Scattering Awtematically
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Bead modeling, dummy residue modeling
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Basic idea

SAXS provides information about distances

o " p(r) = p2yo (V2

Where y,(r) is the
probability of finding a
point within the particle
at a distance r from a
given points.
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Basic idea

* Find an ensemble of beads with the inter-bead distances that are consistent with the

p(r)

. P(R}

0.200 —

. 0.150 |
' ' 0.100 |
0.050 |

\'s.
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Beads on a grid

Solvent
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Beads on a grid

Solvent

Trial and error

SAXS curve computed from the bead ensemble = L
and compared with the experimental data. N S
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Penalty terms

« Bead configuration should not only fit the data but also be compact and connected:
* The “looseness” and “disconnectivity” are quantified from the bead configuration
« Added to the target function to be minimized

Disconnected Compact

EMBL
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Minimization of the target function

Parameterization:
a binary vector,
0 if solvent, 1 if particle

U..

""""

fX)=x*+a-PX)

Iterative approach:

- abead is changed

- Evaluate the effect of the change on the
target function

<= o,,, IE==> ~EMBL




Pure Monte Carlo

A= f(Xmod) - f(Xini) <0

Random
Starting Modification of | Candidate
structure: X, one bead structure: X4

Repeat until N
successive random
modifications do not
provide lower val

A= f(Xmoa) — f KXini) >0

D

.
(]
THH
.........



Local Minima vs global minimum

Pure Monte-Carlo search always goes to
the closest local minimum (nature: rapid
quenching and vitreous ice formation) i local minima

global minimum

To get out of local minima, global search
must be able to (sometimes) go to a worse
point.

Slower annealing allows to search for a
global minimum (nature: normal, e.g. slow -
freezing of water and ice formation) state
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Simulated annealing

Starting

A= f(Xmod) - f(Xini) <0

structure: X

4

Repeat.
after M “successful’

modifications, degrease the
temperature.

Random
Modification of Candidate
one bead structure: X4

A= f(Xmoa) — f KXini) >0

With a probability of e/
Xini = Xmod

Stop when function can not be

minimized after N modification.

else
Xini = Xini

ini

.
(]
THH
.........



Simulated annealing

Adapted from Wikipedia
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Ab initio programs N
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Bead modeling N DAMMIN

T= B.100E-82 Rf =0.508731 Los: B.0966 DisCog: 9.0824 Scale = ©.910E-08
b initio shape reconstruction of lysozyne

2.9 . ) : :
0.80 B.18 7.28 8.38 0.0
2. 1/R

Gnom file : gnolyz.out
g file : D:\DUnain\MHain-85\Damnin\lyzdan.log EMBL
H
C
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Bead modeling N DAMMIF

Reimplementation of DAMMIN written
in object oriented code

* About 25 to 40 times faster (about a
min for fast run on a PC)

DAMMIN DAMMIF

: At the current iteration:
* Make use of multiple CPU

» dark blue particle, might become solvent
* light blue solvent, might become patrticle

* Use adaptive search volume , ,
» white solvent, won’t change
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DAMMIF In action
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Ab initio modeling for multi-components systems

9000000000000 Log{1} MONSA
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Several component and several scattering curves:
Multiphase ab initio modeling




Example multi-component system
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Extremely useful for contrast matched data




Ab initio modeling on mixtures ADAMMIX

«  Dummy atom modeling on mixture with known volume fraction

I;\.(S) — mGlm(s) + Vakla(s) + Vikli(s)

where v, V., and vy are the volume fractions of the
components, Vi + Var + Vi = 1.

F(X) = ¥X(X) + P(X) F(X) =) xi(X)+ ) W, x P(X)

_EMBL i
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Example amyloid fibrils

Igl, relative

volume fractions, %

5 -
4+ i . Lgl, relative
G :
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5 EVMSE&UQ:


https://doi.org/10.1371/journal.pbio.0050134

Resolution limit of dummy atom model

For dummy atom models, the electron density = . R
Is considered as homogeneous-> only the 6
shape is obtained, limited in resolution

Log I(s) 5

Full SAXS curve
For dummy atom modeling

Atomic

25 structure

s (nm-1)

0,5

- Use of dummy residue modeling to
iIncrease the resolution.




Dummy residue models

* Proteins consist of folded polypeptide chains composed of amino acid residues

* At a resolution of 0.5 nm each amino acid can be represented as one entity (dummy
residue)

CH
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Dummy residue models INGASBOR

Proteins consist of folded polypeptide chains composed of amino acid residues

At a resolution of 0.5 nm each amino acid can be represented as one entity (dummy
residue)

In GASBOR a protein is represented by an ensemble of K dummy residues that are

Identical
Have no ordinal number
Centered at the Ca positions




Dummy residue models H GASBOR

* GASBOR finds coordinates of K dummy
residues within its search volume (red)

* Requires polypeptide chain-compatible
arrangement of dummy residues

« Scattering is computed using the Debye .
(1915) formula . et )
‘ =< ‘zf: § 3 >
“*3 vo



Distribution of neighbours

Excluded volume effects and local interactions lead to a characteristic distribution of
nearest neighbors around a given residue in a polypeptide chain

v

Number of neighbours

4

02

04 06 0.8 1.0

Shell radius, nm
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Ab Initio reconstruction: dummy residue modeling

A
Y
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Ab Initio reconstruction: dummy residue modeling

log;,1(q)




Ab Initio reconstruction: dummy residue modeling

-----
cccccc
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Ab Initio reconstruction: dummy residue modeling
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Flavors of Gasbor
Garborl, GarborP, GasborMX

Use GASBORI:

- When you have high-quality, noise-free SAXS data.

- When you want to capture detailed structural
features.

- When a direct fit to the experimental I(s) data is
needed.

Use GASBORP:

- When you want to model the particle in real space
based on the p(r) function.

- When you have noisy I(s) data and prefer to work
with a smoother, less noisy representation.

- When the overall shape and size of the
macromolecule are the primary focus.
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Words of caution
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Garbage in, garbage out

ARBAGE IN, 5
BBAGE OUT | N e
v < o, ) 5 *\’{':I * Ab initio modeling will always give a nice
G o‘f%go ; =/ ¢ looking model that fit the data, even if
24 P > the data are completely wrong.
Pliafesae® L | [ ) °© Make sure that the SAXS curves used for
= ab initio correspond to the form factor of
= % s the solutes you are trying to measure.
iy
/)




Careful measurement and data reduction

P . ' Check for radiation damage
X-ray — -----? ----- [ o ress=s ls
Is| = 477 SinB/A '(é),’
26 - scattering angle ¥
A —wavelength
s — scattering vector
I(s) - intensity : = =

s, nm"! —

Proper buffer subtraction

e
1
i samymiineame Its) ||
|
. 3.2 mg/m| lysozyme
)
.

---------



Check overall parameters

: : - Check for concentration effect and aggregation
Radius of gyration (Guinier)

In I(s) vs s?

1 MW using forward scattering
'\-\\I(s) = Ioexp(—gszRgz)
™~

.
~

_ 1(0) . (cst - MWg)

MW
c 1(0)st

Porod Volume
SAXS mow Bayesian MW

Volume of correlation
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0.0 - T s
00 50x10' 1.0x10° 1.5x10° 2.0x10° 25x10° 3.0x10 * 1 2 ™ T ;
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Ambiguity in SAXS

- Same distances in the two conformations

- Leads to the exact same SAXS pattern

.
(]
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Estimate the ambiguity within your curve

A Ambimeter
Quantitative measure of the [N — - 14000 shape topologies
ambiguity from the SAXS curve i ) generated (up to seven beads
3 closely packed on hexagonal

04 N - 10000 :

3 grid).

- Scattering curves computed and
rescaled to keep only shape
topology information.

- Scattering map computed from

these curves.

L | - By plotting the experimental
SAXS curves on the map,
ambiguity intrinsic to the curve
SRy can be estimated .

©CC0O &t bt Ltc

-0.8

e
@ o
e
Log (I/ly)

‘d ‘«V -1.2

-1.6
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Ab initio model validity

Shape determination of 5S RNA: six DAMMIN models yielding
identical fits

}}}3?
13741
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ADb initio model validity A DAMAVER

To reduce ambiguity, several models are built, compared and averaged

Align models (CIFSUP): m
«  Different methods for alignment A A
* ICP (interactive closest point, default
*  NSD (normal spatial discrepancy)

*  NCC (normalized cross correlation) é A

Compare models:
*  Compute “Distances” between the model (how different are they?)
*  Possibly create cluster of domain

Indicate the most typical model (+ filtered model, and solution spread region)
Refine!




Model Validity

5S RNA — Solution spread region

5S RNA — Most Populated Volume

5S RNA - Final Solution
within the Spread Region




Estimate the resolution of your ab initio model

Pairwise
Ab initio modeling structural
alignments

Structural Alignments

0.1 0.15 0.2 0.25 0.3 Of MOdeIs
-1
s, A
Bead Models Dummy Residue Models

Average
FSC function

Variability ﬁ\ Resolution

»
o

)
N\

o 10 20 30 a0 50

Ab initio model resolution A, A
§
-]

Ab initio model variability Agns, A

A SASRES

“Measure ambiguity to estimate resolution”

Resolution estimated from a set of (10-20)
bead model.

Model compared and aligned.

Measure of the variability gives an estimation
of the resolution

---------



Can all shapes be reconstructed by ab initio modeling?

Solid bodies with moderate anisometry
(elongated particles up to 1:5 and
flattened up to 5:2) can be reliably
reconstructed from the SAXS data.
Mean value NSD : 0.4-0.7

Hollow globular models can
also be well reconstructed

Globular solid Hollow globular

5 EVMSE%!:UM Seget E



Can all shapes be reconstructed by ab initio modeling?

anisotropic solid

4 Shape reconstructions of anisometric
. particles are less stable and reliable.

Elongated hollow body: the channels
may appear closed from one or both
sides

For hollow flattened the resulting
shapes may show a helical turn
instead of a hollow disk, even after the
averaging.

Acentric voids in hollow spheres are
only reconstructed if r/R is about 0.5




Use of symmetry

Original

THH
---------



Reconstruction of electron density from the SAXS data
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Reconstructing electron density

As) = j o(r). e~ U, = |A(s)]ei®
V.

r

I(s) = A(s) - A°(s) = |A(s)I?

I(S) is measured
—> the phase information (®(s)) is lost
—> the electron density p(r) cannot be directly reconstructed
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DENSS

3D reciprocal space

intensities intensities
..... T L e e s & -- Experimental data
- = I
......... e (@) Spherical average
'''''''' D V| of 3D intensities
/ \ Spherical 2
~~~~~ Q; + <3\l ¢ averaging
I
" % /\ po——m FE Vgamiesesaig ]
o llle o o o o o o/ e o Reciprocal d I
/ .
........... Space.
.............
s i NS v e b 0.0 0.1 0.2 0.3
........... q‘
Scale 3D
structure factors
Forward FFT
Inverse FFT
Flattened electron density Real space electron density
........... Real N O e i LR
T A~ —— A~
u.\../l. \\.. space . > ./,- N
Yo 1 — VY 7. ]
o o {EGEH Ty Bio: e ok oy e (A5 e Wy Se l)d (4
’ i
/,’,\\. . Positivity | | }\‘/1\\. /
...... o e o .4 Sohent | /D, W e\
flattening

1D small-angle scattering

DENSS is a program allowing to reconstruct the electron density

from the SAXS data through iterative phase retrieval:

- One starts from an intial (random) electron density

- SAXS data are computed from this electron density

- The computed curves are compared to the experimental
ones

- Electron density is modified to improve the fit.

- lterative process until a stable solution is found
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DENSS

Compared to bead model:

- Continuous electron density (not envelop)
- Nice model

- Much more computer resourced intensive

8(24 A)

Stay careful about ambiguity, resolution

sEMBL %



Summary

- Ab initio methods allows one to obtain a three dimensional shape of the solutes from
the SAXS curves

- leferent program exist for ab initio methods for differnets tasks:

single phase dummy atom modeling (DAMMIN, DAMMIF)
multiphase dummy atom modeling (MONSA)

Dummy atom modeling of mixture (DAMMIX)

Dummy residue modeling (GASBORI, GASBORP)
Dummy residue modeling of mixture (GASBORMX)
Electron density reconstruction (DENSS)

- Ab initio methods generally give “nice” models, that will fit your data - Make sure you
have nice data (GIGO)

- Ab initio model have limited resolution and can be ambiguous.

Repeat modeling, average, filter, refine...
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