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ABSTRACT 

 

Since the development of cryo-electron microscopy (cryo-EM), a new tool for structural 

biologists emerged that eliminated some of the challenges presented by other techniques, such as 

X-ray crystallography. For example, the algorithms in the 3-D reconstructions using cryo-EM 

demonstrate the capability of providing structural information with tolerance to sample 

heterogeneity. Structure determination by single-particle cryo-EM has since become instrumental 

in the fields of virology, biochemistry, and progression in drug discovery pipelines. Single-

particle analysis of cryo-EM data is facilitated through software program tools that are optimized 

to configure single-particle reconstructions. Among the frontiers of these software programs are 

cryoSPARC and RELION that operate in the Bayesian likelihood framework. Additionally, the 

framework surrounding these software programs is supported and further analyzed by an 

interactive visualization and analysis program called UCSF Chimera.  

CryoSPARC and RELION integrate similar job functions in their workflow, including 

but not limited to 2D classification, ab initio 3D classification, and CTF refinement. While the 

workflow of single-particle reconstruction refined by cryoSPARC and RELION has similarities, 

the framework behind these software tools has differences in the algorithm. We investigated the 

two software programs, cryoSPARC and RELION, in a comparative study to expand on the 

similarities and further elucidate the differences. The objective of this comparative study is to 

inspect the parameters utilized by the two software programs for jobs to evaluate the implications 

on the resolution of specimens. 
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Chapter 1 Introduction 

Development of Cryogenic Electron Microscopy (cryo-EM) 

The technological advancements in electron microscopy unveiled the unprecedented 

capabilities of producing high-resolution images of biological specimens by imaging devices that 

use electrons (1). Comparably to its X-ray crystallography and NMR counterparts, the 

emergence of cryo-EM as a mainstream technique in structural determination resulted from 

addressing fundamental questions. Dubbed the “Resolution Revolution,” these fundamental 

questions were addressed by scientists—Jacques Dubochet, and Richard Henderson, and 

Joachim Frank —who made the greatest contribution to three critical stages of cryo-EM: sample 

preparation, data acquisition, and 3-D reconstruction, respectively (1). The combined efforts for 

the development of these three critical stages of cryo-EM were recognized and the three 

scientists were awarded the Nobel prize in 2017. The assembly of randomly orientated 

biomolecules in solution suspended in a thin film of vitreous ice, through a technique called 

vitrification, governs a branch of cryogenic electron microscopy designated single-particle 

analysis (2). The preservation of biomolecules in vitreous ice is proceeded by the collection of 

thousands of micrographs that are processed by scientific software platforms. Such software 

programs, such as cryoSPARC and RELION, utilize specific methodologies to reach a near-

atomic resolution of the biomolecule (3). From helical reconstructions of filamentous amyloid 

fibrils to elucidating the unique architecture of icosahedral viruses, single-particle cryo-EM has 

pushed past barriers that were formerly difficult to surpass (1-3). Structural determination of 

biological specimens, in particular macromolecules, relies heavily on specimen isolation and 



2 

purification in order to compute complex 3-D structures and enhance the definition of local 

environments (4). The methodologies for structure determination by single-particle analysis by 

cryo-EM follow a specific protocol (Fig. 1). 

 

 

Figure 1. A schematic illustration of the workflow options adapted for cryo-EM. 

A visual representation of the workflow options for cryo-EM reconstructions. This is schematic 

illustration is adapted by Dillard et al. 2018 (6) and presents a comprehensive examination of options for 

the three phases of cryo-EM noted earlier: sample preparation, data acquisition, and 3-D reconstruction. 
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The grey solid box depicts the illustration a branch of the workflow that leads to single particle analysis 

(6). 

 

The downstream applications of single particle analysis subject the captured images of 

macromolecules to computational analysis. 

Single Particle Analysis 

Sample Heterogeneity 

Several limitations imposed by X-ray crystallography on structural determination are 

primarily due to intolerance to sample heterogeneity that prevents the solution of the structure 

(5). One of the challenges presented by sample purification is the preservation of structural 

homogeneity that may interfere with structural determination (6). While purified macromolecular 

specimens should conserve some range of homogeneity, cryo-EM adapted to conformational and 

compositional variability in samples by incorporating techniques and algorithms in the 

computational analysis (4,6,7). 

Specimen Preparation and Downstream Applications 

Before data collection and subsequent imaging analysis, the expression of the specimen 

of interest and its structural integrity are verified through biochemical methods (4,7). Imaging for 

single-particle cryo-EM, as indicated in Fig. 1, requires directing the specimen for electron 

microscopy to be mediated through EM grids that provides support, typically a carbon film with 
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a support structure (4,8). The examination of specimens for single particle cryo-EM subjects EM 

grids to one of two methods for data analysis: (1) Negative staining, (2) Vitrification. As 

indicated on the right arm of the branch of Fig. 2, specimens embedded in vitreous ice with 

different orientations permit further analysis beyond 2D averaging (7). Vitrified specimens in 

EM grids that have achieved high density and different orientations are excellent candidates for 

3-D reconstructions (4,6,7,8). The continuation of 2D averages to imaging process by software 

programs permits sample refinement that yields a higher resolution than the EM negative 

staining (7,8). 
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Figure 2. An illustration of the workflow for structure determination by single-particle 

cryo-EM. 

A workflow of the steps involved in single-particle cryo-EM by two methods: negative staining and 

vitrification. Negative staining is a well-established technique used in electron microscopy with variations 

to perfect 2D classification (9). Cryo-EM single particle analysis uses a vitrification technique that 

enables 3-D reconstructions and modeling downstream via software programs. This workflow is adapted 

by Skiniotis and Southworth, 2015. 

 

Previously described as a bottleneck, the data collection automated by electron 

microscope has significantly advanced by reducing the time to collect the data (10). However, 

the technology for 3-D reconstructions efficacy did not reach its full capacity (10). Here, we 

inspect two software platforms, cryoSPARC and RELION, that are adapted to configure 3-D 

reconstructions by single-particle analysis from cryo-EM data. These two software programs, 

among others, challenge this bottleneck to compress the time required for 3-D reconstructions. 

Cryo-SPARC 

CryoSPARC, or Cryo-EM Single Particle Ab-Initio Reconstruction and Classification, is 

a software program adapted for solving cryo-EM structures of viruses, membrane proteins, in 

addition to negative staining data. This software program for single-particle analysis integrates 

graphics processing unit (GPU) as a package to deliver high-resolution refinements of 3-D 

structures obtained from cryo-EM data (10). The development of cryo-SPARC aims to enable a 

user-friendly interface for structural determination of single-particle images by incorporating a 
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stochastic gradient descent (SGD) to the maximum likelihood optimization algorithm (10). The 

computational analysis behind this software is dependent on two algorithms that are refined to 

expedite the 3-D reconstructions: (1) unsupervised ab initio 3-D classification and (2) removal of 

redundant computation to enhance the high-resolution refinement of cryo-EM maps (10). As 

dictated in Fig. 2, the 3-D reconstruction follows a series of jobs that are dependent on the 

parameters as a guide to achieving high-resolution reconstructions. 

RELION 

An alternative to cryo-SPARC for obtaining macromolecular structures by refinement 

also uses the Bayesian likelihood framework but utilizes a different approach for 3-D 

reconstructions (11-12). RELION, which corresponds to REgularized LIkelihood OptimizatioN, 

replaces the manual application of adjusting parameters by the user to an inferential decision of 

parameters dictated by the Bayesian approach (12). As described as a potential pitfall for new 

users, identifying and inserting parameters for jobs in the steps of computing the 3-D 

reconstructions may interfere with the refinement process and lead to erroneous structures 

(11,12). The algorithms used by RELION attempts to overcome this potential pitfall by using the 

Bayesian approach.  

One of the common problems encountered by structural determination by cryo-EM is 

overfitting and over-estimation of resolution (13). A method to prevent the overfitting and over-

estimation of the resolution, thus preventing inaccuracies in the structure, is the application of the 

gold-standard approach (12-14). In the gold-standard approach, the accuracy of the resolution 

obtained by the refinement is validated by two independent reconstructions that provide the 
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Fourier shell correlation (FSC) for both reconstructions (13). This approach and the utility of 

accurate resolution determination were implemented in RELION for improvements in reliability 

(13,14).  

Coxsackievirus B3 Introduction and Importance 

Coxsackievirus B3, or CVB3, belongs to the Picornaviridae family and resembles the 

members of the Enterovirus genus that are cardiotropic, indicated by their pathogenic abilities to 

cause viral myocarditis (15,16). Moreover, the consequence of CVB3-induced viral myocarditis 

can result in life-threatening disease such as myocardial fibrosis, with a common onset of heart 

failure (15). Enteroviruses have also been implicated in the development of Type 1 diabetes, with 

evidence to support increased susceptibility by CVB3 infections (17). CVB3 are small 

nonenveloped viruses that are roughly ~30 nm in diameter in which a positive sense (+) single-

stranded RNA genome is contained. The CVB3 virion consists of the assembly of 12 pentamers 

that constitute an icosahedral capsid structure (15,16). The structural units of a pentamer are five 

protomers, in which each are composed of four proteins: V1, V2, V3, and V4 (15,16). 

The entry of CVB3 into cells is dictated by the presence of a main receptor and 

coreceptor that establishes cardiomyocytes as their cellular tropism. The main receptor, called 

coxsackievirus and adenovirus receptor (CAR), coupled with the coreceptor, decay-accelerating 

factor (DAF), also known as CD55, permit the targeting of cardiomyocytes to facilitate its entry 

(15,16,18). However, a new variant of CVB3, called CVB3/28, is relieved of the two cellular 

receptor prerequisites for entry by escaping the requirement of DAF binding (18).  
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Chapter 2 Materials and Methods 

β-galactosidase Reconstruction Protocol 

RELION 

The tutorial data set on β-galactosidase was kindly provided by Takayuki Kato from the Namba 

group from Osaka University, Japan. The data collection for this tutorial on β-galactosidase was 

performed on a 200kV JEOL cryo-ARM microscope. This data set is available on EMPIAR, 

designated as EMPIAR-10204. The tutorial test dataset was downloaded into a single directory 

for the insertion of the raw micrographs, the reconstruction of β-galactosidase was completed by 

the jobs as indicated in Table 1. The local resolution for β-galactosidase was visualized in UCSF 

Chimera. 

 

Table 1. The jobs performed in RELION for reconstruction. 

RELION 

Order of Iterations Job 

1 Import 

2 Motion correction 

3 CTF estimation 

4 Auto-picking 

5 Particle extraction 

6 Subset selection 

7 2D classification 

8 3D classification 

9 3D auto refine 

10 CTF Movie refinement 
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11 Particle polishing 

12 Mask creation 

13 Join star files 

14 Particle subtraction 

15 Local resolution 

 

CryoSPARC 

The tutorial test dataset was downloaded into the directory in CryoSPARC in preparation for 

processing for reconstruction. The local resolution for β-galactosidase was visualized in UCSF 

Chimera. 

CVB-28 Reconstruction Protocol 

Virus growth and purification 

The preparation of the specimen required the propagation of CVB3 strain 28 using cell culturing 

techniques applied to HeLa cells, as previously described in Organtini et al. 2014 (19). After 

propagation of CVB3-28, the cells were subjected to a freezing and thawing cycle three times 

before separation. The viruses were collected by pellets achieved by passing the clarified lysate 

through a sucrose cushion. Furthermore, the purification was accomplished by using a tartrate 

step gradient ultracentrifugation. 
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Vitrification for data collection by cryo-EM 

In preparation for collecting electron micrograph, a 2/1 Quantifoil grid with the specimen was 

assembled by applying a small aliquot. Once the EM grids were prepared, they were vitrified in 

liquid ethane using a freezing robot. 

Data collection by Krios microscope 

Electron micrographs were collected on the Krios microscope by recording the images with a 

Falcon 3 direct electron detector that provided a final pixel size of 1.137 Angstroms.  

Chapter 3 Results and Discussion 

β-Galactosidase Reconstruction 

The β-galactosidase tutorial dataset provided the EM movies for processing in cryoSPARC and 

RELION. The EM movies were imported into the software programs and parameters were 

entered to initiate the steps for reconstruction. 

CryoSPARC 

The EM movies were accessed and entered using /*.tiff to insert the movies into the job 

function. The following parameters were input to carry out the job. 
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Table 2. The input for job parameters in cryoSPARC for the reconstruction of 𝛃-galactosidase. 

Job Parameters 

Raw pixel size (Å) 0.885 

Accelerating voltage (kV) 200 

Spherical aberration (mm) 1.4 

Total expose dose (e/A2) 49 

 

 

Figure 3. A local resolution of β-galactosidase estimated by cryo-SPARC and visualized 

using UCSF Chimera. 
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The completion of the job by cryoSPARC was proceeded with visualization of the local 

resolution output of β-galactosidase by UCSF Chimera. The values of the resolution range are 

generated to represent the 3-D colored map in Chimera. 

RELION 

The EM movies of the β-galactosidase were accessed and inserted for processing using 

RELION. The parameters are noted in Table 3. 

Table 3. The input for job parameters in RELION for the reconstruction of β-galactosidase. 

Job parameters 

Raw pixel size (Å) 0.885 

Voltage 200 

Dose per frame (a/A2) 1.277 

Pre-exposure (e/A2) 0 
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Figure 4. A local resolution of β-galactosidase estimated by RELION and visualized using 

UCSF Chimera. 

 

The final job, which is the local resolution output, was visualized in UCSF Chimera to illustrate 

the resolution range. 
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Figure 5. The Fourier shell correlation (FSC) curve for the β-galactosidase reconstruction 

for refinement assessment. 

As represented in Fig. 5, the final resolution was obtained at 3.3 Angstroms from refinement in 

RELION. The 3-D density map in Fig. 4 is displayed and corresponds to the calculation of the 

FSC curves as depicted in Fig. 4.  
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Figure 6. A Guinier plot for β-galactosidase reconstruction. 

 

Full CVB3-28 Virus Reconstruction 

The local resolution of CVB3-28 was visualized using Chimera from the outputs of 

cryoSPARC and RELION. The local resolution jobs were completed by both programs to 

achieve the density map displayed in Chimera. Following the completion of the jobs, the final 

resolution for RELION is 3.7 Angstroms whereas cryoSPARC accomplished a reconstruction 

with a resolution at 3.3 Angstroms. Additionally, the B-factors were recorded from cryoSPARC 

and RELION and are 127 Å2and 109 Å2, respectively. 
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CryoSPARC 

 

Figure 7. A local resolution of CVB3-28 estimated by cryo-SPARC and visualized using 

UCSF Chimera. 
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RELION 

 

Figure 8. A local resolution of CVB3-28 estimated by RELION and visualized using UCSF 

Chimera. 
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Figure 9. The Fourier shell correlation (FSC) curve for the CVB3-28 reconstruction for 

refinement assessment. 
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Figure 10. A Guinier plot for CVB3-28 reconstruction. 
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Chapter 4 Conclusion 

Summary 

 Investigating potential pitfalls in computer software programs that reconstruct 

macromolecules by single particle analysis could ameliorate the strategies and accuracy of 

obtaining 3-D macromolecular reconstructions. In this study, we proposed a comparative 

analysis of cryoSPARC and RELION in their refinement strategies to reconstruct 3-D 

macromolecular structures. One of the known erroneous causes of inconsistences in structural 

determination is the overfitting of data (14). RELION overcomes this hurdle by implementing 

algorithms in the gold-standard approach. Two independent 3-D reconstructions are processed to 

validate the final resolution using the FSC curves (14). The FSC curves were generated for 

refinement processed by RELION as indicated in Figures 5 and 9. The two independent 

refinements in the gold-standard FSC may eliminate any biases in the 3-D reconstruction by 

RELION that may be present in cryoSPARC. Furthermore, the gold-standard FSC provides a 

more representational determination of structures (20). This approach is also reliable in 

reproducing consistent 3-D maps in downstream applications for the purposes of modeling and 

interpretation of the macromolecular structure, also noted by Natesh (2019). The FSC curves 

generated for the reconstructions of the β-galactosidase and CVB3/28 by RELION provides a 

useful resource in which the preventive measures against over-fitting accurately ensure validity 

of structure and final resolution. 

 The modeling and interpretation of the macromolecular structures at high-resolution can 

be greatly optimized by implementing approaches that minimize the loss of contrast (21). By 

implementing these strategies, high-resolution of the specimen can be captured to deduce 
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structural features and information at high-resolution. Contrast loss can be depicted in Guinier 

plots by extrapolating the B-factors from the plot. The B-factors for the CVB3/28 reconstructions 

on cryoSPARC and RELION are 127 Å2and 109 Å2, respectively. The Guinier plots were 

imaged from the software for analysis. In contrast to the 3-D reconstruction of β-galactosidase 

and the final resolutions obtained, cryoSPARC generated a higher resolution reconstruction of 

CVB3/28 at 3.3 Angstroms compared to 3.7 Angstroms generated by RELION.  

Future Direction 

 Several approaches have been proposed to eliminate sources of errors, such as 

heterogeneity, in the 3-D reconstruction process to generate macromolecular structure that are 

high in resolution for easy accurate interpretation (21). One future direction for improvement of 

cryo-EM single particle analysis is refining the algorithm to tolerate high degrees of 

heterogeneity.   

 



22 

Appendix A 

Version of software programs used for 3D-reconstructions.     

CryoSPARC: Version 3.0  

RELION: Version 3.1 
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