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1 | INTRODUCTION

Serena M. Arghittu'”? | Achilleas S. Frangakis'

Abstract

Cryo-electron tomography analysis involves the selection of macromolecular
complexes to be used for subsequent sub-tomogram averaging and structure
determination. Here, we describe a plugin developed for UCSF ChimeraX
that allows for the display, selection, and editing of particles within tomo-
grams. Positions and orientations of selected particles can be manually set,
modified and inspected in real time, both on screen and in virtual reality,
and exported to various file formats. The plugin allows for the parallel visual-
ization of particles stored in several meta data lists, in the context of any
three-dimensional image that can be opened with UCSF ChimeraX. The par-
ticles are rendered in user-defined colors or using colormaps, such that indi-
vidual classes or groups of particles, cross-correlation coefficients, or other
types of information can be highlighted to the user. The implemented func-
tions are fast, reliable, and intuitive, exploring the broad range of features in
UCSF ChimeraX. They allow for a fluent human-machine interaction, which
enables an effective understanding of the sub-tomogram processing pipeline,
even for non-specialist users.
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time, advances in sample preparation techniques, such as
cryogenic focused ion beam milling (cryo-FIB-SEM),'**°

Visualization of macromolecular complexes is an inher-
ent component of data analysis and interpretation in
structural biology.'™ Over the last few years numerous
algorithms and software packages were introduced that
streamline the workflow for cryo-electron tomography
(cryoET) and improve the resolution of electron density
maps obtained using sub-tomogram averaging (STA).>*°
In addition, visualization tools were developed that pro-
vide an informative means of displaying the obtained
average densities in their native context.'®'* At the same

have allowed researchers to routinely acquire tomograms
of native—thicker—specimens of eukaryotic cells.
Together, these developments open opportunities to
study cellular architecture in unprecedented detail.

An aspect that remains challenging, in fact with all
three-dimensional (3D) images independently of the
application, is the human-machine interaction during
particle selection and inspection. Difficulties arise due to
the 3D nature of the data, the low signal-to-noise ratio,
and most significantly the missing wedge effect caused by
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the limited-angle tomography setting of cryoET experi-
ments. Particle selection can therefore be a task strongly
dependent on the experience and background knowledge
of an expert user, especially in the case of in situ data. It
often requires the incorporation of prior information on
the particle positions, given the complex geometry of cel-
lular structures. The selection task is addressed in several
software packages, such as Dynamo,'™'” IMOD/
PEET,”'*'® EMAN2>" Particle Picker for UCSF
Chimera,®® the EM Toolbox,"! and UCSF ChimeraX
itself,”’ which allow manual particle picking, optionally
guided by geometrical models. Other commonly
employed methods for particle selection are purely com-
putational, such as template matching (offered in
Dynamo,'” Warp/M,”** pyTom,” emClarity,” EMAN2® or
molmatch®**%), or neural networks (offered by EMAN2"
or DeepFinder*®). Nevertheless, they often require man-
ual post-processing or further computational curation by
3D image classification.

Here, we present an open-source toolbox, ArtiaX, that
was developed on the platform of UCSF ChimeraX (“Chi-
meraX” hereafter).”*® Our plugin allows for a fluent
human-machine interaction as well as an improved visu-
alization of cryoET-related tasks and explores the VR
capabilities of ChimeraX. The toolbox improves current
software solutions in three ways: (1) At the stage of selec-
tion and inspection of putative positions of various parti-
cles for further processing—they can be selected in two-
dimensional and 3D and their initial orientation can be
set in an efficient manner wusing virtual reality
(VR) capabilities. (2) At the stage of inspection of parti-
cles after automated picking and processing—outliers
can be interactively rejected and particle lists can be
quickly assessed for picking parameter tuning. (3) In
terms of user experience—interactive real-time visualiza-
tion of cryoET data is made available even to non-
specialist users and without requiring specialized or com-
mercial software, enabling sharing of data with a broader
audience. Additionally, users benefit from the multitude
of features of ChimeraX, such as cross-platform opera-
tion, animation capabilities, and volume file format
compatibility.*>

2 | RESULTS

One of the stated design goals of ChimeraX is enabling
straightforward development of plugins for the platform
by providing a software bundle interface and tool reposi-
tory.”* ArtiaX was developed based on this interface and
provides new data models, file import/export capabilities,
new user interface (UI) elements (Figure 1), additional
commands and new mouse/VR manipulation modes

tailored to the needs of researchers in the cryoET field.
The plugin allows for performant, interactive display of
cryo-tomograms and associated metadata in the most
common file formats (AV3/TOM package®” and IMOD/
PEET® motive lists, RELION STAR files,”* and
Dynamo tables'®"”). Particle lists can be visualized, edi-
ted and stored in any available format.

2.1 | Tomogram visualization

ChimeraX supports import and rendering of electron
tomograms or segmentation masks (usually in MRC-,
EM-, or HDF-format) in a global geometry frame based
on the physical pixel size and positions stored in the file
headers.”*® The ArtiaX plugin makes use of the plat-
form's volume import functionality, but maintains an
internal list of tomographic volumes in order to allow
easy data organization by clearly separating the tomo-
gram models from other types of imported data. Imported
tomograms are organized in a separate UI panel, in addi-
tion to the standard ChimeraX model panel (Figure 1b).
Volumes can either be directly added to the plugin's
internal list of tomograms or pre-processed using built-in
ChimeraX commands before import. This allows the user
to make use of image processing functionality built into
the platform.

Compared to ChimeraX, the ArtiaX tomogram inter-
face provides additional UI elements enabling a number
of commonly required operations. Standard viewing
directions (xy-, xz-, and yz-planes) can be easily recovered
using shortcut buttons in the toolbar (Figure 1a). Simple
navigation through tomogram planes in oblique and
orthogonal directions is enabled using keyboard shortcuts
and graphical sliders, allowing more precise adjustments
than possible with standard mouse modes, but avoiding
the need for commands (Figure 2e). Additionally, a sim-
plified contrast control interface is provided, under the
assumption of normally distributed image intensities, as
they are often encountered in cryoET data.

2.2 | Particle list import and export

At present, ChimeraX already offers support for indicat-
ing image features, and links between them, via the
“MarkerSet”-interface and the CMM-file format. This
functionality was specifically intended for object selection
in 3D images® and is integrated into several cryoET pro-
cessing pipelines for the purpose of particle selection.>*
However, the “MarkerSet”-interface models individual
particles as points and is as such not designed to include
or render information about the orientation of particles
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FIGURE 1 The user interface of ArtiaX within ChimeraX. (a) The ArtiaX toolbar provides shortcut access to frequently required operations
and custom mouse modes. (b) Opened tomograms and particle lists are organized in a separate panel, which also allows file import and export using

custom file dialogs. (c) The “ArtiaX Options” panel provides UI elements for the manipulation of tomograms and particle lists (see Figure 2e-g)

at each contained location. ArtiaX extends the “Marker-
Set”-interface to a ‘ParticleList”-interface, which addi-
tionally stores and renders orientations, alignment shifts
and other metadata and adds support for metadata for-
mats other than CMM.

In the context of cryoET processing pipelines, the
information on individual particles is typically stored in
text-based or binary metadata files (called particle or
motive-lists), which are input to or output of sub-
tomogram averaging or classification procedures.>®®°
Several metadata are stored, including the 3D location
of the particles within the original tomogram, alignment
shifts for extracted particle images, orientations
(e.g., Euler rotation angles), cross-correlation coeffi-
cients to a reference density, and many others
(a detailed description of supported metadata formats
can be found in the ArtiaX help files). Conventions con-
cerning the representation of particle orientations, order
of transformations and available metadata differ
between file formats. Upon import into ArtiaX, particle
positions, alignment shifts and orientations are con-
verted to a common geometry convention and used to
compute a transformation, which moves a reference
map into the tomogram coordinate frame. Particle lists
can then be exported from the common “ParticleList”
structure to any of the available file formats. Like
imported tomograms, “ParticleList”-models are

organized in a separate panel (Figure 1b) to allow fast
access to related UI elements (Figure 2f,g).

Importantly, being an extension of the “MarkerSet”-
interface, imported particle lists also maintain a regular
“MarkerSet” representation of the data and are compatible
with built-in marker tools and mouse modes (Figure 1a).
Users can interact with “ParticleList”-models in the same
ways as they did with “MarkerSet”-models, but gain the
ability to set and inspect particle orientations.

2.3 | Particle list visualization

After import of particle list files, the contained particles
are rendered in the 3D scene as small spheres centered at
the particle location, as well as arrows indicating the par-
ticles' orientation (Figure 3a,b). In contrast to plane-
based manual picking tools (e.g., EMAN2, pyTom, or
Dynamo), particles are always rendered in 3D, and can
be displayed in VR immediately upon import.

Metadata for each particle are stored as “attributes” in
the ‘“MarkerSet’-representation of the “ParticleList’-
models. This allows selecting or hiding of subsets of the
particles via built-in ChimeraX commands. Additionally,
ArtiaX provides a particle selection UI, which enables
interactively choosing subsets of particles (and boolean
combination of subsets) for display based on user-defined
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FIGURE 2 Tomogram display and metadata-based rendering. Tomographic volumes (EMPIAR-10304) are displayed as non-transparent
slices by default (a), and contrast settings, slice direction and position are accessible in the tomogram options panel (E). Locations of
matched Escherichia coli ribosomes (EMD-10211) can be indicated transparently on either tomographic planes (b) or isosurface views of the
tomogram (c). The particle visualization panel (f) allows adjusting the particles’ isosurface level (Surface Display box) and to set colormaps
based on metadata, for example, cross-correlation (Color Settings box). At user's choice, rendering is limited to those particles (d) inside
selected metadata ranges (Selection/Display box), for example tomogram number and cross-correlation (g)
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thresholds on metadata values (Figure 2d,g). Thresholds
on multiple values can easily be combined for fast and
fine-grained selection, permitting, for example, to filter dis-
played particles for a unique tomogram ID or class, even if
particles of multiple tomograms and classes are stored in
the same list. Similarly, the particle list UI allows coloring
particles based on metadata with user-defined colormaps
(Figure 2b-d,f), which can be interactively adjusted. Com-
bined, these features enable easy identification and
removal of outliers and aid in the manual inspection of
template matching, STA or classification results, within
the context of tomograms (Figure 2a-d, Video S1).

2.4 | Rendering of particle surfaces

The visualization of isosurfaces of high-resolution density
maps associated with particles in the context of lower
resolved tomograms is a non-trivial task. Previously, this
was solved by creating intermediate, static surface repre-
sentations of the particle,' resampling the rotated and
shifted maps on the grid of the tomograms,'® or render-
ing each surface individually (default for density maps in
ChimeraX).?! While the first approach allows fast render-
ing, it precludes changing the isosurface level after initial
surface export. The second approach leads to a loss of res-
olution, if the resampling grid has a lower sampling step
than the reference map, or requires large amounts of
storage space if the resampling grid is very fine. Lastly,
while in principle display of many (>1,000) copies of the
same density map is possible in ChimeraX already, this
incurs high computational overhead due to the handling
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FIGURE 4 Visualization of segmentation maps and multiple
particle species. Complex 3D scenes can be rendered and
interactively visualized using ArtiaX. In this case, the segmented
cell membrane and two terminal organelles of an Mycoplasma
genitalium cell, as well as 1720 experimental (NAPs, blue) and
simulated (ribosomes, green; RNA-polymerases, purple; GroEL/ES,
yellow) particles are displayed

of large numbers of models in the Python rendering loop
of ChimeraX. Rendering performance measurements
using a 3D scene comprising three segmented surfaces
and 1720 individual density map isosurfaces of four parti-
cle species (Figure 4), indicate that performance is lim-
ited by memory throughput and CPU power (Figure 5).
On four assessed hardware setups (Table S1), rendering
frame rates were measured to be below 10 frames/s, inde-
pendent of the graphics processing unit (GPU), limiting
real-time interactivity with the scene.
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ArtiaX remedies this issue by introducing a novel type
of model, the “SurfaceCollectionModel,” optimized for
rendering many copies of the same surface in individual
orientations, with high performance. As the surfaces of
all particles in one “ParticleList” are assumed identical,
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FIGURE 5
Rendering performance of the scene shown in Figure 4 is increased
between two- and ninefold in “simple lighting”-mode (dotted bars)
when using ArtiaX (green bars), compared to rendering 1720

Rendering performance for complex 3D scenes.

particle surfaces as individual models (light blue bars), approaching
the built-in limit (60 frames/s, grey dashed line) on high-end
hardware (System 1). Visually smooth rendering (>20 frames/s,
orange dashed line) is maintained in “soft-lighting”-mode (hatched
bars) even on medium-range hardware (System 2). Error bars
indicate standard deviation

A O W S

Maximum Plane Surface Center Point

we make use of more efficient OpenGL rendering rou-
tines, which are already employed in ChimeraX for ren-
dering  atomic  structures efficiently.”’  Our
implementation allows for 2- to nine-fold higher render-
ing frame rates when using simplified graphics settings
(“simple lighting”) on all tested hardware setups
(Figure 5). On medium-range to high-end hardware,
visually smooth rendering (>20 frames/s) is possible
using more demanding lighting with shadows that
enhance 3D appearance (“soft lighting”). This perfor-
mance improvement translates directly to VR, enabling
VR visualization of large sets of particle surfaces.

At user's choice, it is possible to place experimentally
obtained density maps of any ChimeraX-supported vol-
ume format, or density maps generated from PDB files
using the “molmap”-command at the location of each
particle (Figures 3c,d and 4; Video S2). In contrast to pre-
vious methods using static surfaces, isosurface thresholds
for map visualization can be set by the user in real time
for all locations at once. As a result, interactive visualiza-
tion of multiple particle lists comprising 1,000 or more
complex surfaces is possible even when using consumer
grade hardware or working in VR (Video S3).

2.5 | Particle list editing

As in the case of the “MarkerSet”-interface, new particles
within the tomograms can be selected either on individ-
ual tomographic planes, which are orthogonally or
obliquely oriented to the principal axes of the 3D image
(Figure 6a,b), or on the isosurface visualization of the
data. This is particularly helpful in z, where the point
spread function of the reconstruction is elongated due to

» @ « @

Translate Rotate Translate Rotate

/ Place Particles

Selected Selected Picked Picked A
Move Particles

FIGURE 6

Particle picking and orientation: Individual major surface adhesion complexes can be picked on planes of a tomogram of an

Mycoplasma genitalium cell*® (a) using built-in ChimeraX mouse modes (top left overlay). Particles are initially created in default
orientations at selected positions (b). Using the orientation mouse modes provided by ArtiaX (top right overlay), particles are oriented along
contextual information inside the tomogram, in this case the cell membrane (c)
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the missing wedge. Typically, the particle orientations are
estimated using some geometrical model based on prior
knowledge about the specimen. Using new mouse modes
implemented by ArtiaX, each of the visualized particles
can be rotated and translated individually or in groups,
with the new positions being stored and available for
export (Figure 6¢; Video S4). Importantly, particle pick-
ing and editing is also possible in the ChimeraX VR mode
(Video S3). In this way two goals can be reached: (1) the
pre-orientations can be precisely set and exported and
(2) changes through sub-tomogram averaging can be
tracked and interpreted in the context of the original
tomograms.

2.6 | Scripting capabilities

In order to facilitate recreation and sharing of 3D scenes
of tomographic data created using ArtiaX, any action per-
formed using the plugin UI can be reproduced either
using built-in ChimeraX commands or newly implemen-
ted commands with simplified syntax. Commands equiv-
alent to actions performed in the graphical UI are
automatically printed to the ChimeraX log, in order to
familiarize users with the command line interface. Addi-
tionally, ArtiaX integrates with the native file import and
export commands provided by ChimeraX. Complex
models involving multiple particle species (Figure 4) can
be restored easily and distributed in compact fashion.

3 | DISCUSSION

ChimeraX is a popular tool for visualization of multiscale
data and associated molecular models, its utilization
being widely spread throughout the structural biology
community.**® Since the inception of its predecessor,
UCSF Chimera,’" the scope of both platforms has contin-
uously expanded towards electron microscopy image
data. Our plugin now adds a collection of basic capabili-
ties to extract information out of 3D image data sets, tak-
ing into account the special needs of cryoET. This goal is
achieved while maintaining a responsive user experience
easily accessible to everybody, and compatibility to built-
in ChimeraX functionality.

Current processing pipelines commonly store meta-
data in custom file formats and provide individual
solutions for editing and display, sometimes limited to
specific operating systems.’ This forces researchers to
rely on custom conversion solutions or familiarize
themselves with a multitude of different tools provid-
ing essentially similar functionality, simply in order to
assess and compare results. By providing a plugin for

& roeny WILEY-L 7o

the already widely used, cross-platform tool ChimeraX,
we hope to create a more general means for the visuali-
zation of such data.

ArtiaX does not rely on commercial platforms, such
as Amira-Avizo (EM Toolbox'") or MATLAB (Dynamo, "’
emClarity,® PEET®). Additionally, available packages use
a variety of conventions for parametrizing particle loca-
tions and orientations. Consequently, while visualization
of cryoET data and manual interaction with it is an inte-
gral part of any cryoET processing pipeline, current solu-
tions remain relatively insular and do not yet make use
of the full potential of modern visualization tools,
such as VR.

Apart from providing a more general software solu-
tion to the cryoET field, the basic features of ArtiaX can
also be used in other contexts. 3D single molecule fluo-
rescence microscopy techniques utilize analysis methods
similar to those in cryoET**>* and thus require similar
tools. As ChimeraX is already designed to handle fluores-
cence microscopy data, our plugin could be of use to the
SMLM community as well, and present a contact point
for integration of both methods.

Currently, our toolbox offers only a basic set of tools.
While presenting immediate benefit to researchers, they
concern merely one of the challenges in the cryoET field
among many. Direct integration of prior knowledge in
the form of easy-to-use geometric or mesh-based models
in a VR context is one of our future goals. Other areas of
current development include the manual and automatic
segmentation of tomograms,>> tomogram denoising’ and
pattern recognition within tomograms.” In future
releases, we plan to further extend ChimeraX functional-
ity to include tools addressing these challenges. By mak-
ing use of an open-source, extensible platform we also
hope to invite contributions from other researchers in the
field.

4 | MATERIALS AND METHODS

41 | Implementation

ArtiaX was implemented in Python 3.9 according to the
ChimeraX bundle development guidelines. It is packaged
and distributed as a Python wheel. The plugin was tested
on ChimeraX 1.3 and 1.4. The implementation is compat-
ible with both Qt5 and Qt6, and as such depends on
either PyQt5 or PyQt6 for the graphical UI. Other third-
party dependencies include numpy (for linear algebra
routines), superqt (for additional UI elements), starfile
and pandas (for parsing RELION STAR files). The bundle
source code, release and installation instructions are
available from https://github.com/FrangakisLab/ArtiaX
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under GPLv3 license. It is also available on the ChimeraX
Toolshed repository (https://cxtoolshed.rvbi.ucsf.edu)
and can be installed from the ChimeraX menu entry
Tools — More Tools.

4.2 | Tomogram reconstruction and
processing

Tomograms of purified Escherichia coli 70 S ribosomes
from the publicly available EMPIAR-10304 dataset™® were
reconstructed at a pixel size of 8.4 A using super-sampled
SART.*”* Particle locations and orientations were deter-
mined using template matching®® using the density map
EMD-10211 as a reference. Particles were visualized using
EMD-10211, low-pass filtered to a resolution of 50 A.

A tomogram of a Mycoplasma genitalium G37 wild-
type cell was reconstructed from previously published tilt
series® using super-sampled SART*”** and binned to a
pixel size of 13 A. The cell membrane and terminal organ-
elles  were segmented using  Amira 533
(ThermoFisherScientific, Waltham MA, USA). The seg-
mentation of the cell membrane was post-processed using
mean curvature motion smoothing.** Locations and orien-
tations of the major surface adhesion complex (NAP) were
used as determined by previous sub-tomogram alignment
and averaging,”" and visualized using the resulting average
density map EMD-20259,** low-pass filtered to a resolu-
tion of 20 A. Locations and orientations of ribosomes,
GroEL/ES complexes and RNA-polymerases were simu-
lated by random placement within the cell body. For visu-
alization, surfaces were generated from PDB-7 K00,
PDB-1PCQ,* and PDB-116V,* respectively, using the Chi-
meraX “molmap”-command at a resolution of 20 A.

Reconstructed tomograms of the EMPIAR-10304 and the
Mycoplasma genitalium cell, as well as the respective particle
lists have been deposited to the Zenodo repository and are
available under https://doi.org/10.5281/zenodo.7116187.

4.3 | Performance measurements

Rendering performance was assessed for ChimeraX 1.3
using the ChimeraX “graphics rate”-command, modified
to write measured frame rates to text files. On each
assessed machine (Table S1), a demo scene comprising
three segmentation maps and 1720 particles (517 NAPs,
225 ribosomes, 364 GroEL/ES complexes and 614 RNA-
polymerases) was generated using a ChimeraX script and
ArtiaX commands. For performance comparison, an
identical scene was recreated via a Python script, using
individual models for each particle and relying exclu-
sively on built-in ChimeraX functionality. Frame rates

were measured at 1 s intervals for 100 s using “simple”
and “soft” lighting settings. Baseline performance was
measured using the same method with an empty scene.

All maps and particle lists used for generating the
demo scene, as well as Python scripts used for perfor-
mance measurements have been deposited to the Zenodo
repository and are available under https://doi.org/10.
5281/zenodo.7116187.
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