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Abstract

JSPR is a single particle cryo-EM image processing and 3D reconstruction software developed in
the Jiang laboratory at Purdue University. It began as a few refinement scripts for symmetric and
asymmetric reconstructions of icosahedral viruses, but has grown into a comprehensive suite of
tools for building ab /nitio reconstructions, high resolution refinements of viruses, protein
complexes of arbitrary symmetries including helical tubes/filaments, and image file handling
utilities. In this review, we will present examples achieved using JSPR and demonstrate recently
implemented features of JSPR such as multi-aberration “alignments” and automatic optimization
of masking for the assessment of map resolution using “true” FSC.
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1. Introduction

Single particle cryo-EM has revolutionized structural biology in the past few years and
become the method of choice for structural biology for a wide range of structures from large
(10-100 MDa in mass and ~200 nm in diameter), highly symmetric viruses (Dai and Hong
Zhou, 2018; Fang et al., 2019) to small (sub-100 kDa), asymmetric protein or nucleotide
structures (Zhang et al., 2019), and helical polymers (Fitzpatrick et al., 2017; Wang et al.,
2019). Due to their size, symmetry, and higher signal to noise ratios (SNR) from the stronger
electron scattering, icosahedral viruses were among the very few samples that could reach
high resolution with cryo-EM (Jiang et al., 2008; Yu et al., 2008; Zhang et al., 2008) before
the resolution revolution brought by the development of direct electron detectors. JSPR was
initially developed for structure determination of viruses at Purdue University. This includes
both symmetric reconstructions of the capsid shell with icosahedral symmetry (Chen et al.,
2011; Guo et al., 2014; Jiang et al., 2008) and asymmetric reconstructions of the non-
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icosahedral structural components of the virus particles such as the phage tail and portal
vertex (Guo et al., 2013; Jiang et al., 2006). It began as a few refinement scripts based on
EMAN (Ludtke et al., 1999) and EMAN?2 (Tang et al., 2007) libraries but has grown into a
comprehensive suite of tools for building ab /nitio reconstructions, high resolution
refinements of viruses, protein complexes of arbitrary symmetries including helical tubes/
filaments, and image file handling utilities. The general workflow from particle picking,
CTF fitting, ab initio reconstruction using the random model approach, initial orientation
determination using a consensus voting criterion, 3D reconstruction, and iterative
refinements was previously detailed (Guo and Jiang, 2014). In this review, we will focus on
high resolution refinement functions in JSPR, and useful image handling and parameter
manipulation tools used to help translate data among various software packages, such as
RELION (Scheres, 2012), and cryoSPARC (Punjani et al., 2017).

2. Generalized multi-aberration 2D alignment in addition to Euler angles

and center positions

In single particle cryo-EM image processing, the 2D alignment step of the iterative
refinement loop typically included only either a global search, or local refinement of particle
Euler angles and center positions. The contrast transfer function (CTF) parameters of the
particles, including defocus, astigmatism magnitude and angles, and phase shifts (if a phase
plate was used), are pre-determined using the whole micrograph power spectra or smaller
patches around the particles. This workflow is based on an implicit assumption that CTF
fitting results were infinitely accurate. This assumption is obviously invalid or at least
suboptimal as the power spectra-based CTF fitting methods have discarded a majority of the
image information, such as phase. To more accurately determine CTF parameters and other
aberration parameters, we generalized the Euler/center-only 2D alignment to also “align”
these parameters as part of the iterative refinement process (Fig. 1A) (Guo and Jiang, 2014),
which can take advantage of all the information of the particle images and the iteratively
improved reference map quality.

We previously implemented different “aligners”, where each aligner is refining one (for
example, defocus or phase shift), or a few closely related parameters (such as astigmatism
amplitude/angle or elliptic distortion amplitude/angle) (Guo and Jiang, 2014). The different
aligners can be combined in user defined order during 2D alignment. More recently, a new
aligner, refineAll, was developed to allow simultaneous refinement of all or a subset of the
parameters, which improved alignment quality and also eliminated the need for the user to
find the best order of sequential alignments. The parameters that refineAll supports include
Euler angle, center, defocus, astigmatism, phase shift, beam tilt, spherical aberration, pixel
size, and elliptic distortion. Users can easily turn on/off the refinement of any parameters
and choose the refinement at the per particle or per micrograph level.

The refinement of aberration parameters has been shown not only to noticeably improve the
reconstruction resolution, but sometimes essential to reach near-atomic resolution (4 A and
better) when aberrations are large. For example, the porcine circovirus 2 (PCV2) structure
(Liu et al., 2016) was limited to 3.3 A with only Euler/center refinement, but improved to
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2.9 A with aberration refinement/correction (Fig. 1B). While individual aberration correction
could slightly improve the resolution, the holistic effect of multi-aberration corrections led to
improvements in resolution (Fig. 1B) and side-chain densities (Fig. 2G).

A perfect imaging system would be free of aberrations, but in practice, all TEMs have
residual aberrations either due to the fundamental limit of the magnetic lens optics, or
misalignment of the lens and lens correctors (Hawkes, 2015). Elliptical distortion is a lens
distortion caused by differing magnetic field strengths in the projection lenses in various
directions. While TEM vendors generally correct the distortions for high magnifications
(>40Kk) traditionally used for high resolution imaging, lower magnifications (<30k), often
used with a K2 direct electron detector due to its small pixel size (5 pm), were found to have
~2-3% elliptic distortion (Yu et al., 2016b). While low amounts of elliptical distortion are
ignorable for studies of smaller protein targets, elliptical distortion correction for larger
targets, such as viruses (Fig. 1C), is essential (Yu et al., 2016b). For example, the T4 head
structure was limited to ~7 A resolution, but was improved to 3.3 A resolution after elliptical
distortion correction (Chen et al., 2017). The distortion parameters were determined as part
of the 2D alignment, eliminating the need for pre-calibration which might not be feasible
after data collection.

Beam tilt induced coma aberrations were first found to be significant in processing 2D
crystal images (Henderson et al., 1986), but has now also been recognized as an important
parameter in refinement for high resolution single particle cryo-EM (Glaeser et al., 2011). In
our recent study on Volta phase plate imaging, we have collected a dataset with severe beam
tilt that was accidentally introduced during data collection, likely because of an unknown
software glitch (Li et al., 2019). Without beam tilt correction, the reconstruction was limited
to ~6 A resolution and the Fourier shell correlation (FSC) curve had multiple large
oscillations (Fig. 1D). We quickly identified the large beam tilt issue with the refineAll
aligner in JSPR after we observed the reduction of oscillations in the FSC curve post beam
tilt refinement/correction (Fig. 1D). The final resolution of 2.5 A was achieved after
additional multi-aberration refinement/correction (Li et al., 2019).

3. High resolution structures determined using JSPR

Viruses.

Most of the initial work with JSPR was done with virus reconstruction. As the scope of the
projects began to expand beyond viruses, JSPR has been used to solve the structures of
protein complexes and helical polymers. A few structures determined using JSPR will be
briefly described here.

Figure 2 shows a gallery of virus structures solved with JSPR in recent years. The 2.9 A
PCV?2 structure (Fig. 2A) (Liu et al., 2016) has demonstrated the possibility of high
resolution reconstruction with close-packed particles. It is also the first and only sub-3 A
structure (Fig. 1B) using photographic film. The 3.8 A Zika virus structure (Fig. 2B) (Sirohi
et al., 2016) provides a foundation for analysis of the antigenicity and pathogenesis of Zika
virus. The 2.6 A Tulane virus structure (Fig. 2C) (Yu et al., 2016a) demonstrated the
feasibility of achieving high resolution reconstructions using antibody-based affinity grids to
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enrich low concentration particles on the EM grid. The 2.3 A structure of human rhinovirus
B14 with C5 antibody Fab (Fig. 2D) (Dong et al., 2017) depicts the highest resolution of a
virus-antibody complex. The 3.3 A T4 phage head structure (Chen et al., 2017) (Fig. 2E)
highlighted the severe negative impact of elliptic distortion on large structures and the
dramatic improvement of the resolution from ~7 A to 3.3 A by elliptic distortion correction
using JSPR. The 2.9 A bacteriophage Sf6 structure (Fig. 2F) (Zhao et al., 2017) was the first
tailed phage structure determined to sub-3 A resolution.

Protein complexes.

It is sometimes misunderstood that JSPR only supports icosahedral viruses, probably due to
our previous work mainly featuring viruses. However, JSPR supports all point-group
symmetries including all platonic solids (I, O, and T symmetries), dihedral symmetries (D),
cyclic symmetries (C), and no symmetry. Figure 3A shows the 2.7 A structure of the T20S
proteasome submitted to the 2016 map challenge (emcd108). The two JSPR maps submitted
to the map challenge (this T20S structure and emcd132 for GroEL) were assessed among the
best density maps (Heymann et al., 2018; Marabini et al., 2018; Pintilie and Chiu, 2018) and
the assessors included comments such as, “JSPR is always among the best” (Marabini et al.,
2018). In a recent study using the Volta phase plate, a 2.5 A apoferritin structure (Li et al.,
2019) (Fig. 3B) was obtained with JSPR after refining and correcting large beam tilts
accidentally introduced during data collection (Fig. 1D). We have also refined the
asymmetric ribosome structure, EMPIAR-10107 (Desai et al., 2017), to ~3 A with JSPR
(Fig. 3C). These examples demonstrated the capability of JSPR for reconstructing non-virus
structures.

Helical polymers.

Support for helical structures using the Iterative Helical Real Space Reconstruction (IHRSR)
strategy (Egelman, 2007) was recently added to JSPR. The “gold standard” split of a dataset
is done at the micrograph or filament/tube level instead of the particle (i.e. helical segment)
level to avoid inflated FSCs due to the same region of pixels in neighboring but overlapping
segments being separated into different subsets. Figure 3D shows a ~3 A structure of the
VipA/VipB protomer Type VI secretion system contractile sheath (EMPIAR-10019)
(Kudryashev et al., 2015) with both de novo indexing and refinement by JSPR. The new
helical indexing and classification method will be published separately.

4. Utilities in JSPR

JSPR is currently a CPU-based image processing software that runs on Linux-based
computing environments, an ad hoc collection of workstations, CPU cycle-scavenging
HTCondor (Jiang et al., 2008), and dedicated Linux clusters managed by a job queue
system, such as PBS or Slurm. It has been programmed in a way that whenever an
unexpected stop occurs, it is able to automatically resume at the last stopping point. This is
realized by dividing large tasks, for example, the 2D alignment, into batches and tracking the
completion state of each batch.
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In addition to the iterative refinement function, JSPR also includes a rich set of utilities that
facilitate analysis of the refinement results and interchanges of results with other image
processing software. Here we only briefly describe three such utilities while a more
comprehensive list of utilities is available in the software that is freely downloadable from
the corresponding author’s website (https://jiang.bio.purdue.edu/jspr).

images2lst.py and images2star.py.

plotDist.py.

trueFSC.py.

Both programs were initially designed to convert files from different software packages, for
example, ciSTEM’s database (*.db) file or cryoSPARC’s (*.¢9) file, into /stfile used by
JSPR or starfile used by RELION, and to allow interchanging between JSPR and RELION.
Later, they were enhanced with many additional functions. For example, it allows users to
easily check/remove duplicate particles, add parameters to a /st/star file, copy parameters
from another /st/starfile, perform subset selection based on the desired range of any
parameters, perform symmetry expansion or the reverse, remove excessive number of
particles in the dominant views, subtract projections with real space linear scaling of pixel
levels or Fourier space per resolution shell amplitude scaling, or virtually shift
reconstruction center position for localized reconstruction of arbitrary sizes without the need
to re-extract/clip the particles into another dataset, efc.

This script allows the user to plot the histogram of arbitrary parameters or the correlation of
any pair of parameters in a /st or starfile and the plot can be interactively examined or saved
into a PDF file. These plots are useful in evaluating data (e.g., distribution of defocus values)
or the refinement behavior (e.g., distribution of Euler angle changes or how Euler angle
changes are correlated to defocus value changes, efc.).

Although FSC has been widely used for the estimation of the cryo-EM map resolution after
its first introduction (Harauz and van Heel, 1986), how to properly mask out the background
(i.e. solvent flattening) is often a dilemma as the FSC tends to report different resolution
values with different levels of masking. If the mask is too tight, the resolution will be
overestimated because of the mask correlation at high resolution. If the mask is too loose,
the resolution will be underestimated, which means the map quality is better than the
reported resolution. An optimal mask should contain all protein pixels, exclude background/
noise pixels as much as possible, and use a soft transition layer (i.e. tapering) of appropriate
slope between the protein and background regions. The masking is typically based on a
thresholding method for which the quality of masking is critically dependent on the
threshold value. Current software still requires the user to manually input the threshold for
mask generation, which can be tedious and often leads to suboptimal masking. To address
this problem, we developed a python script, frueFSC.py, which can automatically find the
best threshold and mask slope for reliable resolution estimation. The user only needs to
specify the two half maps. A plot of the FSC curves in PDF format and two masks for the
half maps will be generated. There are two different methods for automatic threshold
determination that have been implemented. The preferred approach is to specify the mass of
the protein complex, which is used to calculate a threshold to make the total volume of all
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pixels with larger values equal to the expected volume assuming an average protein density
(1.35 g/cm3) (Fischer et al., 2004). The second automatic threshold determination method is
based on Otsu’s thresholding method that automatically finds a cutoff value so that the
variances within the two groups are minimum (Otsu, 1979). Starting from a sharp mask
based on the threshold, frueFSC.py will then extend it with a soft slope (raised cosine,

HCT"S(’) in which ris the total width of the slope) at an optimal slope width that maximizes

the resolution without inflating the FSC of phase randomized maps (Chen et al., 2013).
Figure 4A shows an example of a trueFSC.py generated FSC and the corresponding soft
mask. As a comparison, a large spherical mask will underestimate the resolution (Fig. 4B)
while an overly-tight mask will inflate the resolution, as indicated by the inflated FSC of
phase randomized maps using the same tight mask (Fig. 4C). We expect this feature will
provide a more convenient and accurate FSC calculation, plotting, and resolution reporting
tool that can benefit the cryo-EM community.

5. Conclusion

The highlight of JSPR is the refinement and correction of multiple aberrations, including
CTF parameters and geometric scaling/distortions, which have slowly been recognized in
the field. We are happy to see other software packages, for example, cryoSPARC 2.12 and
RELION 3.1 (Zivanov et al., 2019), now also include similar functions in their recent
updates. Currently, high resolution refinement in JSPR is limited by the homogeneity of the
sample. Future developments will need to address the heterogenous states, especially the
continuously varying conformations due to the intrinsic dynamics of the structure. While a
definite solution is still to be found, an attractive concept is to picture the distribution of
particles as a lower-dimension manifold embedded in the hyperspace with dimensions equal
to the number of pixels in a particle image (Frank and Ourmazd, 2016). While the manifold
for a homogenous set of particles will have only three dimensions for the particles views, the
manifold for heterogeneous particles will have additional dimensions to represent the
conformations with the number of extra-dimensions ranging from small for simple one or
few hinge motions to large for continuously varying conformations throughout the structure.
Algorithms based on either classic machine learning methods (Frank and Ourmazd, 2016) or
the more recent deep neural networks approach (Zhong et al., 2019) can be explored to learn
the manifold.
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Figure 1. Generalized multi-aberration 2D alignment in JSPR.
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(A) The iterative refinement loop “aligns” multiple CTF parameters and geometric
parameters in addition to the particle Euler angles and center positions. (B) Multi-aberration
refinements improved the PCV2 structure from 3.3 A to 2.9 A resolution (Liu et al., 2016).
The “anisoscale” parameter in the legend means elliptic distortion correction. (C) Correction
of elliptic distortion could significantly improve the resolution of large viruses (Yu et al.,

2016b). (D) The beam tilt induced coma aberrations can be corrected as
reduction of the large oscillations in the FSC curve (Li et al., 2019). (B,
reproduced with the permission of the corresponding publishers.
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Figure 2. Gallery of high resolution virus structures reconstructed with JSPR.
(A) 2.9 A PCV2 structure (EMD-6555) using images recorded on photographic film (Liu et

al., 2016). (B) 3.8 A Zika virus structure (EMD-8116) (Sirohi et al., 2016). (C) 2.6 A Tulane
virus (EMD-8252) (Yu et al., 2016a). (D) 2.3 A human rhinovirus B14 and antibody
complex (EMD-8762) (Dong et al., 2017). (E) 3.3 A bacteriophage T4 isometric head
(EMD-8661) (Chen et al., 2017). (F) 2.9 A bacteriophage Sf6 (EMD-8314) (Zhao et al.,
2017). (G) The comparison of the side chain densities of PCV2 in maps with all the
refinement parameters (left, grey mesh) and only the Euler/center parameters (right, yellow
mesh) in three regions, a.a. 155-162, a.a. 99-105, and a.a. 214-218, superimposed with the
PCV2 model (PDB:3JCI). The two density maps have been sharpened to the same level and
displayed at the same contour level using ChimeraX (Goddard et al., 2018). (A-F) have been
reproduced with the permission of the corresponding publishers.
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Figure 3. Gallery of high resolution non-virus structures reconstructed with JSPR.
(A) 2.7 A T20S proteasome structure submitted to the 2016 Cryo-EM Map Challenge

(emcd108). (B) 2.5 A apoferritin structure from Volta phase plate data (Li et al., 2019). (C) 3
A ribosome structure solved using the EMPIAR-10107 dataset (Desai et al., 2017). (D) 3 A
VipA/VipB helical structure reconstructed from the EMPIAR-10019 dataset (Kudryashev et
al., 2015).
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Fourier Shell Correlation

Fourier Shell Correlation
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Figure 4. Examples of different levels of masking and their effect on FSC curves.
(A) Reliable resolution estimate using the optimal mask automatically determined by

trueFSC.py. (B) Large spherical mask underestimates the resolution. (C) Overly tight mask
inflates the resolution if the FSC=0.143 criterion is applied directly to the FSC of masked
maps (2.62 A). The large FSC values beyond the phase randomization cutoff resolution
(~3.4 A) in the noise-substituted map FSC curve (green) provide clear signs that the mask is
too tight.
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