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The Need for Rigid Body Modeling

• Biological macromolecules in their physiologically relevant form -
multi-component complexes or large multi-domain proteins.

• Large complexes often not feasible to study using high-resolution 
techniques (crystallography, NMR etc…)

• High Resolution Structures of individual sub-units or individual 
domains from large multi-domain proteins can be docked into low-
resolution envelopes (either EM or SAXS) of the entire complex or 
full-length protein.

• Advantage with SAXS over EM - No size restrictions.



Rigid-Body Modeling Using SAXS - Evolution

• Recent (~ the past decade) developments in SAXS data analysis 
enable ab initio calculation of overall macromolecular shape.

• EM – High resolution structures of subunits docked into envelope. 

• SAXS – Spatial arrangement of subunits is reached at by direct fitting 
of scattering data from the complex.

• Wall et al., (2000) – Used ellipsoids to represent subunits and to find 
the relative arrangement of these subunits.

• Constrained Fit Procedure – Screening of thousands of bead models 
along with AUC results.



Rigid Body Modeling - Theory
Complex with K subunits with known structure, scattering amplitude from each 
subunit denoted as C(k)(s), s = 4πsin(θ) / λ. Subunits rotated and translated as 
rigid bodies changing their scattering amplitudes. I(s) scattering intensity of the 
entire complex. A(k)(s) denotes scattering amplitude of the kth rigid body at the 
given position, <…>Ω - spherical avg. in reciprocal space. Π(αkβkγk) is the 
rotational operator. Modified scattering A(k)(s) depend on rk (vector of the shift) 
and the Euler rotation angles – αk βk  and γk.

Alm
(k)(s) – partial scattering amplitudes of the kth rigid body, depend on Clm

(k)(s) 
which is the scattering amplitudes in reference position and orientation and 
can be calculated by CRYSOL.

The goodness of fit provided by a given arrangement of bodies to the 
experimental data Iexp(s) is measured by the discrepancy depicted in this
equation. N is the number of experimental points, c is a scaling factor, and σ(sj)
Is the experimental error at the momentum transfer sj. 

The target function E = χ2 + ΣαiPi used to generate physically sound models, αiPi – penalty terms that formulate the 
requirements of interconnectivity and absence of overlaps and also incorporate outside information such as inter-residue 
distances. 



Homo- and Hetero- Dimers
• Shapes of two monomers represented by angular envelope functions F(ω) where ω is the solid 

angle in real space. Envelopes generated by CRYSOL.

• A sequence of Fibonacci numbers for the values of polar angles defining sampling directions.

• Both monomers centered at the origin, the first monomer is rotated to bring the jth direction of 
Fibonacci grid ωj to the z axis, and the other rotated to bring the ith direction of its Fibonacci grid 
ωi antiparallel to the z axis. [Homodimers – only j = i case is taken to ensure the symmetric 
arrangement of monomers].

• Second monomer is shifted along the z axis by F(1)(ωj) + F(2)(ωi) + δ and rotated about this axis by 
an angle 0 < ψ < 2π with a discrete angular step. The offset δ ~ 0.3nm – ensures reasonable 
contact between monomer surfaces and avoids steric clashes.

• Implemented in DIMFOM.



Symmetric Oligomers
• Appropriate positioning of monomer and generated symmetry mates – 6 parameters –

shift vector r = (r, ψ, and φ) and rotation angles (α, β, and γ). Scattering intensity 
calculations accelerated due to symmetry.

• Magnitude of the shift vector r is constrained by the experimental value of the Rg of the 
entire oligomer Rg

exp. Average value of the shift from origin is <|r0|> = 

𝑅𝑔
𝑒𝑥𝑝 2 + (𝑅𝑔

𝑚𝑜𝑛)2, where 𝑅𝑔
𝑚𝑜𝑛 is the radius of gyration of the monomer.

• Information about distances between specific residues in the oligomer can be used as a 
restraint.

• Minimized Target function E = χ2 + αcrossPcross + αcontPcont, Pcross – prevents inter-subunit 
overlap, Pcont – inter-residue distances.

Implemented in GLOBSYMM



Quaternary Structure of Multi-subunit Complexes -
SASREF

• Simulated Annealing performs random modifications of the system by moving to 
configurations with a lower scoring function E.

• Beginning – high temperature – moves almost random, and towards the end a 
configuration with the minimum E is reached.

• E = Σ(χ2)i + αdisPdis + αcrossPcross + αcontPcont,

• Pdis – ensures interconnectivity of the model, Pcross – absence of overlaps between 
subunits, Pcont – information about distances between residues or nucleotides.

• Sequence elements can be specified that are expected to be involved in inter-
subunit contacts.

• For symmetric particles with K subunits in the asymmetric unit, appropriate 
symmetry mates are generated to build the model of the entire complex. Only 
the symmetry independent part is modified during simulated annealing.



Rigid Body Modeling with Addition of Missing 
Fragments: BUNCH

• High-resolution models often have missing fragments both in multisubunit assemblies and 
multidomain proteins consisting of globular domains linked by flexible loops.

• Aim is to simultaneously find best relative orientation of the subunits/domains and the best 
possible conformation of the flexible linkers.

• The interconnected chains are composed of dummy residues. A loop or protein fragment with 
unknown structure substituted by a flexible chain of interconnected residues with spacing 
0.38nm.

• Similar to SASREF, simulated annealing is used for global minimization of the target function –

E = Σ(χ2)i + αcrossPcross + αangPang + αdihPdih + αextPext, Pcross – avoids inter-domain overlaps, Pang and
Pdih ensure the proper bond and dihedral angles in the dummy residue chains. Pext is introduced to 
avoid over-extended conformations of the dummy residue loops.

• In complexes, missing loops AND shapes of missing subunits can be reconstructed.

• Warning – Loop configuration is usually an average conformation of flexible loops and must 
therefore not be considered their actual structure.



Running SASREF – Interactive Mode











ATVORF273 - New Fold for a Thermo- and Acido-Stable Protein 
from the Acidianus Two-Tailed Virus

Three orthogonal views of each of the five ab initio envelopes calculated
imposing (from left to right) no, binary, orthorhombic, trigonal or tetragonal 
symmetry.

Fitting of the SASREF model obtained from the open dimer using P2 symmetry 
into the P222 DAMMIF model. The fitting was performed by the program 
Chimera

Felisberto-Rodrigues et al., PLoS One, 2012;7(10):e45847.

https://pubmed.ncbi.nlm.nih.gov/?term=Felisberto-Rodrigues+C&cauthor_id=23056221


SAXS based Modeling to Determine Structure of 
Fibrillin-1

Structures generated ab initio from the SAXS data. 
Shapes were simulated ab initio by using the programs 
DAMMIN and GASBOR.

Clair Baldock et al. PNAS 2006;103:32:11922-11927

Comparison of the structures of PF11 determined 
by single-particle TEM and solution SAXS. Rigid-body modeling was performed with the 

programs SASREF and BUNCH to the experimental 
SAXS data.



Fitting Multiple States against SAXS DATA

The unique capability of FoXS webserver is a possibility to account 
for multiple states contributing to a single observed SAXS profile.


