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Abstract

Motivation: Cryo electron microscopy (EM) is currently one of the main tools to reveal the struc-

tural information of biological macromolecules. The re-construction of three-dimensional (3D)

maps is typically carried out following an iterative process that requires an initial estimation of the

3D map to be refined in subsequent steps. Therefore, its determination is key in the quality of the

final results, and there are cases in which it is still an open issue in single particle analysis (SPA).

Small angle X-ray scattering (SAXS) is a well-known technique applied to structural biology. It is

useful from small nanostructures up to macromolecular ensembles for its ability to obtain low

resolution information of the biological sample measuring its X-ray scattering curve. These curves,

together with further analysis, are able to yield information on the sizes, shapes and structures of

the analyzed particles.

Results: In this paper, we show how the low resolution structural information revealed by SAXS is

very useful for the validation of EM initial 3D models in SPA, helping the following refinement pro-

cess to obtain more accurate 3D structures. For this purpose, we approximate the initial map by

pseudo-atoms and predict the SAXS curve expected for this pseudo-atomic structure. The match

between the predicted and experimental SAXS curves is considered as a good sign of the correct-

ness of the EM initial map.

Availability and implementation: The algorithm is freely available as part of the Scipion 1.2 soft-

ware at http://scipion.i2pc.es/.
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1 Introduction

The knowledge of the three-dimensional (3D) structures of macro-

molecules is key to understand the molecular interactions and the

functional operation of biological ensembles. Single particle analysis

(SPA) by Cryo Electron Microscopy (EM) has established as one of

the key players to provide the knowledge of their 3D maps at near-

atomic resolution (Nogales, 2016). The transmission electron micro-

scope acquires thousands of experimental images, coming from pro-

jections of the original structure under analysis, which are then used

to estimate a 3D map representing the structure. Usually, an itera-

tive refinement process is applied to obtain this 3D representation.

Starting from an initial estimation of the 3D structure, the experi-

mental images are used to improve the accuracy of the estimated 3D

model.

However, refinement algorithms easily end up in a local minima

of the solution space (Sorzano et al., 2006). Therefore, the initial 3D

map, which represents the starting point in the solution space, is key

in the accuracy of the final estimation, i.e. the behavior of the refine-

ment process greatly depends on the initial 3D map. This is known

as the ‘initial model problem’, and its determination is, in some

cases, one of the major issues in the field (Voss et al., 2010).

The ‘initial model problem’ has been addressed multiple times in

the literature. One approach was the Random Conical Tilt and other

orthogonal tilt methods (Sorzano et al., 2015a), where the sample

images were taken using several known tilt angles. There were also a

great variety of approaches based on Common Lines (Elmlund and

Elmlund, 2012; Shkolnisky and Singer, 2012). Other methods were

based on computer-generated shapes (Bilbao-Castro et al., 2004;

Ludtke et al., 2004). Several algorithms were developed using the

experimental images, from re-constructions based on one image of a

particle assuming certain symmetry (Cantele et al., 2003) to the as-

signment of random orientations to the image class averages

(Harauz and Van Heel, 1985). Other algorithms thoroughly exploit

robust statistical techniques to estimate it (Sorzano et al., 2015b;

Vargas et al., 2014). A method was devised in Sorzano et al. (2018)

to obtain a consensus among the initial maps obtained with different

algorithms. However, in spite of the great effort of the research com-

munity to solve this problem, it is still common that many of these

techniques suggest an ensemble of possible solutions, mixing correct

and incorrect ones. Therefore, it is still necessary to discover new

ways to identify the initial 3D maps that could result in an accurate

final 3D model of a biological structure.

Small angle scattering of X-rays (SAXS) is an alternative tech-

nique to study biological structures that provides low resolution in-

formation of macromolecules in solution (Koch et al., 2003).

Specifically, the scattered intensity is the Fourier transform of the

correlation function of the electronic density, which means that X-

ray scattering experiments are able to reveal low resolution features

of the spatial correlations in the sample. Small angle scattering

experiments measure the scattered intensity at very small scattering

distances, typically from few micro-radians to a 10 of radians.

Moreover, SAXS is a complementary tool to higher resolution

methods, e.g. EM and can be used for low resolution structure valid-

ation. SAXS experiments give a one-dimensional profile, called scat-

tering curve (SAXS curve), where the scattered intensity recorded by

a detector is represented as a function of the scattering angle. It must

be highlighted that there is a large variety of tools available to work

with SAXS data. DARA (Kikhney et al., 2016) is a web server with

hundreds of thousands of scattering profiles pre-computed from

models deposited in the Protein Data Bank to compare with any

given SAXS curve finding the most similar ones. This information

can give a valuable insight on the structure of the particle. Other ex-

ample is ATSAS (Franke et al., 2017) which is a program suite cov-

ering the pipeline for SAXS data processing.

In practice, a non-negligible number of users has available SAXS

and EM information from the same biological sample. Our proposal

relies on the combination of both pieces of structural information,

SAXS and EM, to validate the initial 3D map estimation in EM. It

must be highlighted that from an estimated initial map at low reso-

lution there is no atomic structure from which the SAXS curve can

be easily calculated. As we demonstrate in this work, from a

pseudo-atomic representation (Joni�c and Sorzano, 2016), we are

able to simulate a SAXS curve that, afterwards, can be compared

with the experimental one. In this way, the ensemble of solutions

suggested by most of current Cryo EM image processing methods

can be pruned using SAXS data, revealing the most suitable initial

maps for the subsequent refinement steps.

The SAXS curves for the pseudo-atomic representation of an ini-

tial map can be obtained using Crysol (Svergun et al., 1995), as part

of the ATSAS suite (Franke et al., 2017).

2 Materials and methods

Our aim is to compare the predicted SAXS curves of a set of initial

3D maps with the experimental SAXS curves obtained from the real

structure. In this way, the power of SAXS and Cryo EM can then be

combined in the selection of that candidate map whose predicted

SAXS curve is most similar to the experimentally observed one.

The workflow proposed to generate the predicted SAXS curves

is as follows. Given any candidate initial Cryo EM map: (i) the map

is low-pass filtered to discard any high resolution information (a

typical cut-off resolution may be 15 Å), optionally the model may

also be masked to remove artifacts clearly not belonging to the

Fig. 1. Workflow for comparing a predicted SAXS curve to a set of initial 3D

maps
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structure; (ii) the map is converted to a pseudo-atoms model with a

pseudo-atom Gaussian sigma of 2 voxels (Joni�c and Sorzano, 2016);

(iii) from the previous model, the predicted SAXS curves are calcu-

lated (Svergun et al., 1995) and compared to the experimental one

using the v2 distance. This workflow is summarized in Figure 1.

3 Results

To validate the workflow outlined above, we have used three differ-

ent structures. The data of two of them were taken from the

Electron Microscopy Data Bank (EMDB) and Scattering Biological

Data Bank (SASBDB); specifically, these structures are Gallus gallus

lysozyme (EMDB entry 8217 and SASBDB entry SASDAG2) and

Bos taurus catalase (EMDB 6314 and SASBDB SASDA92). The

third one, Human tyrosine hydroxylase isoform 1, was experimen-

tally obtained by some of the authors of the present work and is

described in Bezem et al. (2016) (currently also deposited in

SASBDB entry SASDBZ4). The molecular weight of lysozyme is

14 kDa, of catalase is 240 kDa and for tyrosine hydroxylase is 284

kDa, so our test are carried out with a variety of molecular weights.

We simulated the construction of the initial map in EM by generat-

ing projections from low pass filtered versions of the known 3D

structures of the three macromolecules, and giving these projections

as inputs to the initial map estimation by two different algorithms,

EMAN2 and RANSAC [as implemented in Scipion v1.1 (de la Rosa-

Trevı́n et al., 2016)]. These algorithms returned a total of 10 candi-

date structures, representing an ensemble of maps mixing suitable

and unsuitable starting solutions for a re-construction process. From

these maps, the pseudo-atoms models were generated following the

method in Joni�c and Sorzano (2016). The pseudo-atomic representa-

tion can be seen as an approximation problem between an input

density map V and an approximated one Vpseudo with 3D Gaussian

as radial basis functions (RBFs). Considering each pseudo-atom as a

RBF, Vpseudo can be mathematically described as:

Vpseudoð�rÞ ¼
XM
i¼1

cibrðjj�r � �rijjÞ; (1)

where �r 2 R
3, M is the number of RBFs, with b being one of them

with amplitude ci, width r and �ri its center position. With this defin-

ition, the goal is to find the set of parameters for Vpseudo that gener-

ate a representation error that satisfies:

e / 1

V

XV

j¼1

jVð�rjÞ � Vpseudoð�rjÞj < �; (2)

with V the number of voxels and � the target volume approximation

error. In our experiments, the approximation error was 5%.

From the pseudo-atomic maps, an estimation of the SAXS curves

is obtained with Crysol (Svergun et al., 1995). Our aim is to measure

the differences between the experimental SAXS curve and the esti-

mated one from a correct initial map and an incorrect one. The fit-

ting between experimental and estimated curves is measured using

v2, defined as:

v2 ¼
ðRmax

0

j logðI exp ðRÞÞ � logðIestðRÞÞj2

logðI exp ðRÞÞ
dR; (3)

being Iexp and Iest the experimental and estimated curves in the

Fourier domain, respectively, and taking into account the frequency

range of interest, Rmax. v2 gives us a quantitative value to objectively

measure the different behavior of our proposal with correct and in-

correct initial volumes. Note that the area under the intensity curves

is related to the molecular mass of the macromolecule. Crysol auto-

matically scales the estimated SAXS curve to minimize the weighted

distance between the estimated and experimental curves, as

described in Svergun et al. (1995). In this way, the macromolecular

mass associated to both curves are as similar as possible.

To check the pseudo-atomic maps obtained, in parts (a) and (c)

of the Figures 2–4, it can be seen the initial map (left side of the fig-

ure) along with the pseudo-atomic representation showed by spheres

surrounded by a semi-transparent low resolution version of the map

(right side of the figure). In parts (b) and (d) of the Figures 2–4, it

can be seen the experimental SAXS curve, in continuous line and the

obtained SAXS curve for the pseudo-atomic representation, in

dashed line, up to the cutoff frequency of 15 Å used to low-pass fil-

tering the maps. In all the examples, the first row of the figures

[parts (a) and (b)] corresponds to a correct estimated initial map and

second row [parts (c) and (d)] corresponds to an incorrect one. Just

a look to the experimental and estimated SAXS curves gives an in-

tuitive idea that the most similar initial map to the structure under

analysis corresponds to that with more similar SAXS curves. The

quantitative results of the fitting measured by means of the v2 value

are presented in Table 1.

As can be seen, the correlation between the predicted and the ex-

perimental SAXS curves was always lower for the incorrect initial

volumes (higher v2 values). Therefore, we only need to know the v2

between the curves to select the best input volumes for going to the

following refinement steps.

We also wanted to compare our proposal with the DARA ser-

ver (Kikhney et al., 2016). DARA searches for the most similar

SAXS curves from a pre-calculated dataset from a large number of

atomic structures (PDB), giving as result a list with the most simi-

lar atomic structures in SAXS terms. Consequently, comparison

with DARA as a performance test is a very good way to analyze if

the results of our newly proposed method and DARA are able to

reveal similar structures for those test cases in which the true solu-

tion is already known as an structural model. To carry out the

comparison, we use the most similar PDB structure given by

DARA server and the best map selected with our workflow for the

tyrosine hydroxylase. The results shown in Figure 5 reveal that the

original density map (that was calculated converting the PDB) and

the one obtained with DARA are quite far from being similar;

however, the highest similarity map selected by comparison of

SAXS curves maintains the general shape quite similar to that of

the original. It must be also highlighted that, while we select a rea-

sonable good initial map for the lysozyme and the catalase, DARA

server in the first case was not able to find the correct PDB and in

the second one it was found as the fourth most similar structure.

This test with DARA shows the difficulty of trying to find similar

structures to the one that produced the input SAXS curve. For this

reason, it is useful to start from images, reconstruct an initial map

and to validate it, as we proposed.

All these results confirm the value of having alternative tools, as

the one presented in this paper, to select among candidate initial

maps generated by current methods in EM. Moreover, our proposal

based on SAXS curves matching has shown improvements in obtain-

ing similar structures to the one being analyzed when compared to

DARA, a method with similar basis.

The results presented in this work show several advantages

thanks to the use of SAXS curves to complement the information

obtained by EM. One of the main difficulties to generate 3D initial

map estimations arises from poor angular assignments of 2D

images, generating an inaccurate 3D map estimation that our pro-

posal is able to discriminate. Currently, there are plenty of methods

Validation of electron microscopy initial models 2429

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/article-abstract/35/14/2427/5221010 by C
SIC

 - C
entro de Investigaciones Biológicas user on 23 July 2019



for initial map estimation able to generate a variety of initial vol-

umes, so the possibility of obtaining a ranking based on our meas-

ures (v2) could be very useful to select the best ones for the

following refinement steps, or even to discard all of them if they are

very far from the experimental SAXS curve.

3.1 Evaluating pseudo-atomic approach
We also evaluated the kind of information yielded by the pseudo-

atomic representation. In our simulations the effective diameter of

the pseudo-atoms is between 8 Å and 12 Å, which means to model

the molecule under study as an entity formed by very simple base

Fig. 2. Lysozyme results. First row for a high similarity initial volume. Second row for a low similarity initial volume. (a) and (c) The initial volume to the left, along

with its pseudo-atomic low pass filtered version to the right. (b) and (d) Comparison between experimental and predicted SAXS curves in semi-log scale in the

low frequency region up to 15 Å

Fig. 3. Catalase results. First row for a high similarity initial volume. Second row for a low similarity initial volume. (a) and (c) The initial volume to the left, along

with its pseudo-atomic low pass filtered version to the right. (b) and (d) Comparison between experimental and predicted SAXS curves in semi-log scale in the

low frequency region up to 15 Å
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functions. In this way, we are including some a priori information in

our maps, with which we are able to simulate, at some extent, the

physical reality.

Figure 6a and c show the radial average of the Fourier trans-

form for the non-filtered, filtered and pseudo-atomic versions of a

correct initial map and an incorrect one, respectively, for the lyso-

zyme, as a representative example. As can be seen from these

curves, despite the fact that the EM initial map is filtered to a rela-

tively low frequency (15 Å in our examples), filling this structure

with pseudo-atoms provides us to, at some extent, high-resolution

information that can be subsequently exploited by the SAXS curve

simulator.

In parts (b) and (d) of Figure 6, the SAXS curve obtained

from the pseudo-atomic map and the experimental one can be

seen in the whole range. Measuring the fitting between both

curves using the v2 value, we obtain 0.79 and 4.84 for the correct

initial map and the incorrect one, respectively, taking into ac-

count the frequencies up to 6 Å, as above this frequency the ex-

perimental noise dominates that curve. Thanks to the high

frequency information yielded by the pseudo-atoms, the match

between the predicted and the experimental SAXS curves can be

measured beyond the low frequency cutoff applied to the candi-

date initial map.

We must highlight that same trend is obtained with the remain-

ing analyzed molecules: v2 values 16.27 and 2677.24 for a correct

initial map and an incorrect one for catalase and 1.58 and 1.86 for

tyrosine hydroxylase, all of them calculated in the region of the

curves without experimental noise. Moreover, these results confirm

the previous ones calculated in the regions below the cutoff fre-

quency of the low pass filter.

4 Conclusions

In this work, we have proposed an approach to automatically se-

lect the best initial 3D maps, helping the following refinement

steps to build a higher accuracy 3D model of a biological struc-

ture in SPA. Our proposal relies on the SAXS curves to recognize,

among all the available 3D initial maps, the best ones. When the

two curves overlap (the v2 is low) the corresponding map is more

likely to be a good representative of the original structure; other-

wise, the map will more likely represent a local minimum of the

3D reconstruction landscape. We carried out several experiments

supporting the previous statement, with three different biological

structures and using several methods to generate the initial 3D

maps. The method proposed here can be also useful with more

challenging structures, as flexible proteins or multi-subunit com-

plexes. In the case of flexibility, we are using low resolution ini-

tial maps to calculate the estimated SAXS curves; so, our method

must be able to give valuable results also in this situation. With

multi-subunits complexes, whenever the SAXS curves to compare

come from SAXS and Cryo EM experiments with the same subu-

nits, the comparison will be fair and useful. Moreover, we are

providing a sort of the initial maps, so if any of them presents any

problem, i.e. if it is very far from the experimental SAXS curve,

we can easily discard it for the following refinement steps and se-

lect just the best ones. Moreover, we have compared our method

with DARA server obtaining more accurate results, which shows

the value of our proposal for combining SAXS and EM informa-

tion to validate the initial map estimations coming from 2D

images.

Fig. 4. Tyrosine hydroxylase results. First row for a high similarity initial volume. Second row for a low similarity initial volume. (a) and (c) The initial volume to

the left, along with its pseudo-atomic low pass filtered version to the right. (b) and (d) Comparison between experimental and predicted SAXS curves in semi-log

scale in the low frequency region up to 15 Å

Table 1. v2 results for the three evaluated structures

Correct volume Incorrect volume

Lysozyme 0.58 1.07

Catalase 0.07 0.13

Tyrosine hydroxylase 0.03 0.23
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