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We have developed an ab initio single-particle 3D reconstruction algorithm for cryo-EM that does 
not rely on contrast enhancement by negative staining, assumptions about particle symmetry, or 
knowledge about the character of the heterogeneity [1-3]. Here we announce the release of the 
methods as an open source program package SIMPLE (Single-particle IMage Processing Linux 
Engine). SIMPLE enables semi-automated reconstruction of all structural states in the single-particle 
ensemble. SIMPLE is easy to use, yet provides a low-level image-processing engine with all the 
generated data, Euler angles, state assignments etc. readily accessible in text files. Documentation 
and executable binaries for Linux and Mac OSX are available at http://simple.stanford.edu. 

The basis of SIMPLE is global optimization with the use of Fourier common lines. Ab initio 
reconstruction and heterogeneity analysis are based on bijective orientation search. Bijective 
indicates that the 6N-dimensional space, where N is number of particles, is divided into two groups 
of paired parameters. The first group consists of the rotations and shifts in the plane of the projection 
(3N parameters); the second group consists of the projection directions and state assignments (3N 
parameters). Individual optimization strategies are applied to each group of parameters, which 
communicate via the spectral ensemble common line correlation. The term ‘spectral’ indicates 
Fourier-space formulation; the term ‘ensemble common line correlation’ is used to distinguish the 
method from angular reconstitution, which uses an anchor set of a few ab initio 3D aligned class 
averages to orient the remaining ones [4]. In SIMPLE, the entire ensemble of class averages 
contributes to the common line correlation. 

We show that ab initio reconstruction by bijective orientation search is feasible, because the 3D in-
plane alignment can be approximated using reference-free 2D rotational alignment. The subsequent 
common lines-based search hence searches projection directions only. This fixed-parameter 
approximation scheme is used for reconstruction of a preliminary model. The bijective search 
method provides the exploratory power that the refinement needs for rapid convergence to correct 
low-resolution reconstructions of all states in the single-particle ensemble. Novice SIMPLE users 
get a head start via the well documented front-end. The structured, object-oriented back-end invites 
advanced users to develop new alignment and reconstruction algorithms. An overview of the 
package is presented together with benchmarks on simulated data. 
Although SIMPLE is primarily designed for cryo-EM, other imaging modalities may also benefit 
from the SIMPLE codes. Projective imaging of nanoparticles in graphene liquid cell with aberration 
corrected TEM and new detector technology allows for acquisition of ‘molecular movies’ where the 
nanoparticles rotate freely in the beam [5]. SIMPLE can be applied to reconstruct 3D volumes ab 
initio from such sets of projection images of objects in random orientations. 
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Fig. 1 Results obtained on simulated data of RNA polymerase II with ideal in-plane alignment (top 
table) and random in-plane alignment (bottom table). The average angular distance between 
projection images assigned to the same cluster and the standard deviation are given in degrees.  The 
ideal reference (labeled Ab initio, zero in-plane) and the ab intio reconstruction are shown before 
(labeled Ab initio, rfree in-plane) and after 10 rounds of reference-based refinement over all degrees 
of freedom (labeled Refined, 10 rounds). This refinement step, which uses the class averages and not 
the individual particle images, is executed by default in program origami. Note that the ideal 
reconstruction is also generated ab initio but from projection images with random directions and all 
in-plane angles zeroed. 
 

 

Fig. 2 Ab initio reconstruction and heterogeneity 
analysis via bijective orientation search. Programs and 
flow of data, N is number of images, C is number of 
clusters. In the absence of any other in-plane 
alignment cluster uses a reference-free 2D alignment. 
Continuous, Fourier-based projection matching 
executed by align or cycler provides refined in-plane 
parameters. Class averages are subjected to common 
lines-based assignment of projection directions and 
states in origami. An approximate 3D alignment is 
obtained in a discrete angular space composed of 
projection directions only. The approximate solution is 
refined in an orientation continuum with differential 
evolution. Reference-free volumes are reconstructed 
and used for another round of projection matching. 
 


