
RESEARCH STRATEGY
A. SIGNIFICANCE
ChimeraX interactive visualization
software and its predecessor Chimera
are in use by many thousands of labs
to analyze diverse experimental data
and atomic models, and to present
results using images and animations
in journal publications. They are cited
in about 280 new articles each month,
with 500 new users voluntarily
registering per month (Figure 1). The
exceptional impact of this software is
a product of several characteristics:
1) the ability to combine diverse data
and analysis methods, enabling a
synthesis that is essential for
advances in biological understanding;
2) making the latest technologies
such as machine learning, virtual
reality, and GPU-accelerated
molecular simulation accessible to members of the broader structural biology community who are not
specialists in these techniques; 3) unparalleled documentation, tutorials, and same-day support that allow
researchers to overcome unique analysis problems endemic to cutting-edge research; and 4) collaborative and
community development that allows labs with deep expertise to distribute their latest analysis methods as
extensions to the software. The developments we propose will advance each of these strengths of the
ChimeraX software to enable the next breakthroughs in understanding the molecular basis of life.  We explain
here the significance of the new developments described in detail in the proposal.
Determining the structures and functions of molecular
assemblies involves many types of experimental data
and computational analyses, such as X-ray diffraction
intensities, electron microscopy maps and
segmentations, nuclear magnetic resonance distance
restraints, chemical crosslinks from mass spectroscopy,
sequences to assess conservation and evolutionary
relationships, molecular simulations to understand
dynamics, and docking to predict small-molecule
binding, among many others. Integrative analysis can
decipher complex assemblies such as the nuclear pore1

(Figure 2). The ability to visualize multiple data types
together is a key strength of ChimeraX, for example, to
show how sequence mutations map onto a 3D atomic
model and alter drug binding, or change the hydrogen
bonds observed in simulations. That ChimeraX reads 79
file formats and writes 29 formats gives an indication of
the diversity of data it handles.  Many developments we
propose will enhance integrative analysis, for example,
new capabilities aiding docking, simulations, sequence
analysis, segmentations, crosslink and glycan
visualization.
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A central goal of this proposal is to make the most promising new computer technologies accessible to biology
researchers. Recent advances in graphics processor units (GPUs) are leading to groundbreaking advances in
all areas of science. Current affordable graphics hardware has up to 10,000 parallel processors capable of
general-purpose computations, as well as dedicated neural network computational units, and offers new
hardware accelerated ray-tracing for rendering. Using this commodity hardware, we can interactively simulate
mutations in molecular systems to explore molecular function, untangle dynamic states of molecular machines
seen in electron microscopy, and use virtual-reality headsets for immersive stereoscopic visualization of
electron tomography to clearly observe cellular mechanisms. Our proposal will address the technical hurdles
that prevent biology researchers from using these nascent technologies. We provide more detail in the
following Innovation section.
The impact of academic software is often severely limited by inadequate documentation. All ChimeraX
commands, user interfaces, and methods are meticulously documented, with online tutorials created, and
webinars and workshops presented for the most important analysis capabilities. This makes the tools
accessible to an order of magnitude more researchers, greatly increasing their impact. All of the developments
in this proposal will meet this exceptionally high documentation standard. Making researchers aware of new
capabilities is also essential for maximizing impact, and we use Twitter and YouTube "how-to" videos to
maximize the reach of our software.  About 1000 messages per year are posted to the ChimeraX mailing list,
half from the development team, with same-day response time.  Our feature request and bug tracking built into
ChimeraX also generate about 1000 tickets per year, most often with same-day response and bug fixes within
a few days. Rapid support underpins the very high utilization and impact of ChimeraX.
Our proposed developments center on creating user interfaces for new cutting-edge capabilities using libraries
and algorithms developed by others. These interoperable tools allow combining many data sources in a way
not possible with special-purpose analysis web services or standalone computational packages. The needs for
diverse analysis methods far outstrip what the core ChimeraX development team can provide. Thus a central
aim is to enable other labs to develop and distribute plugins through the ChimeraX Toolshed repository, which
allows the discovery and single-click installation of new tools. To foster plugin contributions utilizing the latest
technologies, we will develop standard ChimeraX interfaces to support accessing web services, support widely
used machine-learning toolkits such as PyTorch and TensorFlow within ChimeraX, and offer new
task-management capabilities to allow background computations with progress reporting and intermediate
results for complex algorithms. ChimeraX support for plugins has been a primary goal inspired by the 50
plugins of our legacy Chimera software. With the many new elements of the ChimeraX plugin distribution
system that reduce the burden on contributors and maximize the credit they receive, we anticipate 50 new
plugins over the funded period, and many additional contributions over the lifetime of the software.
In summary, our vision is to enable integrative visualization and analysis across the gamut of data used to
understand biological systems at the molecular and cellular level, to enable use of the latest advances in
computer technology, to provide exceptional levels of documentation and support that maximize use, and to
foster community contributions of new analysis methods. Successful implementation of this vision, which we
have pursued through four generations of software (Midas, MidasPlus, Chimera, ChimeraX), has had a
significant impact on tens of thousands of research projects. The pace of scientific discovery, the complex mix
of experimental data, and advances in technology have never been greater. The proposed new capabilities of
the ChimeraX integrative analysis platform will play a major role in promoting scientific discovery in the coming
decade.

B. INNOVATION
This project will make a host of promising technologies accessible to biology researchers, including machine
learning methods to analyze electron microscopy, dimensionality reduction to analyze complex patterns in
molecular simulations and to extract conformational states from heterogeneous samples in cryo-EM, virtual
reality to discern new structures in electron tomography of cells, and hardware-accelerated ray-tracing to
enhance contrast in electron tomography. Applications of these new methods face significant technological
hurdles. Our goal is to simplify use of these next-generation techniques to make them accessible to
researchers without advanced expertise.



Across many scientific disciplines, machine learning has made stunning advances in recognizing patterns and
applying knowledge from large pre-existing datasets to interpret new data. Machine learning methods
outperformed more traditional techniques for predicting protein structures from sequence in the latest Critical
Assessment of Structure Prediction competition, CASP142. Machine learning has been especially effective in
analysis of image data, and in Aim 2 we will visualize results of algorithms such as cryoDRGN3 and 3DFlex4,
which reconstruct multiple conformational states from 2D electron micrographs. In Aim 3, we provide the
foundation for others to use neural networks in ChimeraX plugins, for example, to segment electron
microscopy (see letter from Jing He). We will streamline use of hardware acceleration available in commodity
graphics processors that can speed up neural network calculations 100-fold.
New algorithms for discerning patterns in high-dimensional data are being applied in biology, for instance, to
categorize all cell types in the human body5.  Dimensionality reduction techniques such as  Uniform Manifold
Approximation and Projection6 (UMAP) can reduce many parameters, such as a list of the hydrogen bonds in a
binding site during a molecular simulation or descriptors characterizing the conformational state of an
assembly, to two dimensions for visualizing clusters or continuous transitions. In Aim 1, we will use UMAP and
similar approaches to generate 2D plots that are interactive, where clicking the plot highlights the
corresponding 3D structural data.
The crowding of molecular machinery in cells makes recognizing substructures in electron tomography
extremely challenging. The ChimeraX virtual-reality capabilities we developed primarily for visualizing ligand
binding7,8 have been applied to electron tomography for discerning aggregate structures in Huntington’s
disease, new virus spike morphologies, and other previously unrecognized structural features (see letter from
Wah Chiu). In Aim 2, we will add virtual reality (VR) capabilities tailored to tomography such as the ability to
paint structures, as well as optimization for use on very large data sets. We also will apply lighting methods
developed by the Allen Institute of Cell Science (see letter from Graham Johnson) and explore the use of
hardware-accelerated ray-tracing to improve visibility of cellular substructures.
In addition to the many new technologies we develop, the community plugin development enabled by Aim 3
will bring many innovative methods developed by other labs into wider use.  Also beyond the innovations we
foresee in this proposal, we regularly explore innovative applications of new visualization hardware to problems
in biology.  Recent examples include use of depth-sensing cameras to produce augmented-reality videos9–11

explaining new science discoveries, and use of auto-stereo displays12,13 that require no glasses for
stereoscopic depth perception, combined with hand tracking14 for manipulating molecular simulations.

C. APPROACH
ChimeraX has made great strides since October 2017, when our initial R01 grant application was submitted.
We have significantly expanded its capabilities with novel features and better performance, as well as
implementations of numerous high-value tools from its predecessor, Chimera. Further, many “reimplemented”
features have been redesigned to increase usability and to avoid pitfalls observed with the original versions.
Together, the new features and the broadening base of crucial tools provide motivation and assurance for
users to switch to ChimeraX.
Progress Report (7/1/2018 - 6/30/2021): The early development of interactive ambient-occlusion lighting and
curved-tube helices spurred excitement about using ChimeraX for figures and movies; subsequently, users
could discover its ease of use and the extent of functionality now available. As a testament is the remarkable
increase in ChimeraX downloads and citations over the current funding period (see Significance section).
During this period, we made eight beta releases, leading up to ChimeraX version 1.0 in June 2020, a milestone
indicating we consider it sufficient to replace Chimera for many uses and to surpass it for many others. Version
1.1 was released later in 2020, and 1.2 this year. We published three papers about ChimeraX, two on the
overall application15,16 and another describing its use in virtual reality (VR)7.
The original aims are similar to the current ones, covering:
1. Interactive visualization and analysis of atomic and cryo-electron microscopy data sets. Major
additions in this area include map masking, interactive “volume eraser” editing, and watershed segmentation;
morphing atoms and maps to highlight conformational differences; measuring map statistics, isosurface area
and enclosed volume; detection of atomic contacts and clashes; molecular surface coloring by Coulombic
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electrostatic potential (ESP) or molecular lipophilic potential (MLP) calculated on the fly; coloring by B-factor
and other properties; radial coloring; fetching biological assemblies, building unit cells, and checking crystal
contacts; and graphical interfaces for fitting into maps, zoning to nearby atoms, hiding “dust” (small surface
bits), finding H-bonds, viewing ligand-receptor docking results, and “matchmaker” superposition based on
sequence alignment. Stylized nucleotide representations (ladders, lollipops, etc.) and several display-style
presets have been added. Color key and 2D arrow capabilities have also been added during this time, as well
as support for numerous file formats of
density maps, microscopy data,
segmentations, atomic structures,
trajectories, and sequence alignments.
Simply listing features does not convey
their ease of use, or if a similar feature
exists in Chimera, how it has been
improved. Several operations can be
performed with a single click of an icon in
the ChimeraX toolbar. Examples of
improvements include greater control over
core/hinge detection for atomic morphing
and simplified designation of atoms for
H-bond detection.
The sequence viewer now allows
calculating per-column RMSDs among
associated structures, as well as several
metrics of sequence conservation (as
provided by AL2CO17. These are shown in
histograms above the sequences and
automatically assigned as attributes of the
associated residues for coloring (as in
Figure 3). Sequences can be fetched from UniProt along with their associated annotations, such as sites of
post-translational modification or disease-associated mutations. The sequence annotations are shown as
colored boxes that can be clicked to select the corresponding parts of any associated structures.
There have also been significant developments for ChimeraX in VR, in the rendering speed needed to track
headset movements, interfaces for hand-controller manipulation and button assignments, and coordination of
multi-person virtual meetings. VR has enabled insights into complex structures and interactions that would not
otherwise be possible (see letters from Wah Chiu and Adam Frost), and has driven enthusiastic ChimeraX use
by a dedicated set of researchers and educators.
All new ChimeraX features have been documented in the User Guide. We have also created tutorials and
videos to show how they are used. Tutorials may use the click-to-execute mechanism of ChimeraX's built-in
browser, making them easy to follow (for example, the tutorial used to make Figure 3). The ChimeraX home
page includes quick links to the User Guide, tutorials, and videos.
2. Atomic-resolution modeling from cryo-electron microscopy. The ISOLDE plugin allows interactive,
dynamic refinement of atomic structures modeled into cryo-EM density maps18. This cutting-edge tool is a
significant driver of ChimeraX use and has been cited in several recent papers published in Science, Nature,
and other prominent journals (for example, in just the first half of 202119–25).
Within ChimeraX itself, an interface to Modeller26,27 (running on a web service hosted by our group) has been
added, with the ability to model multichain protein complexes, both homo- and heteromultimers, in addition to
the single-chain modeling available in Chimera. Comparative modeling is often used to generate atomic
structures for fitting into cryo-EM maps. Many other ChimeraX features for building and modifying structures
have been added during this funding period, from de novo peptide and nucleic acid generation to modifying
atoms one by one, hydrogen addition, interactive bond rotation, analysis/replacement of amino acid sidechain

https://paperpile.com/c/WdQHXb/U67xE
https://paperpile.com/c/WdQHXb/exDIc
https://paperpile.com/c/WdQHXb/Xb9JE+lAxd9+vO1Cy+X6Kw4+hUb9b+dg2BT+wnSti
https://paperpile.com/c/WdQHXb/8EVMD+Azsdv


rotamers, virtual mutation, and mouse modes to tug and jiggle atoms with brief OpenMM molecular
mechanics/dynamics28.
3. Facilitating community development of new methods building upon the ChimeraX platform. The
ChimeraX Toolshed web repository of plugins has been implemented over this time period. A ChimeraX plugin
is defined as a tool bundle that may include graphical interfaces, commands, input/output file types, specialized
mouse modes, and other functions. Developers can upload their bundles to the site, and a tutorial for how to
create a bundle has been added to the programmer documentation. Many important APIs have also been
documented, and we are highly responsive to
developer questions via our virtual helpdesk.
The Toolshed automatically handles
dependencies and platform-specific versions,
and it manages plugin installation and updates
from within ChimeraX. Choosing Tools... More
Tools from the ChimeraX menu opens the
Toolshed in the ChimeraX browser (Figure 4);
navigating to a plugin of interest and simply
clicking a link performs the installation. The
user is later notified when updates become
available for their installed plugins.
As of May 2021, the Toolshed already
includes nine bundles from six groups other
than our own, with authors ranging from
students to senior researchers in the U.S. and
abroad. Seven bundles have been
downloaded over a hundred times, three of
them over a thousand (led by ISOLDE at well
over 19,000). Additional ChimeraX plugins are
under development. We are encouraged by
this progress and will continue our strong support for community development and sharing of ChimeraX
plugins.

Research Plan:
To address the scientific challenges and achieve the vision outlined above, we have devised a set of specific
aims to focus our development efforts and to achieve maximum impact within the extensive scientific
community that depends on our software for successful advancement of their research programs.

Aim 1: Develop interactive visualization and analysis tools for atomic structures and associated data,
including higher-order assemblies, conformational ensembles and trajectories, density maps, and
sequences.
The structural biology systems being analyzed today are not only much larger than they were in previous
years, but they are also “wider” in that there are more types of data, such as sequences, structures,
experimental maps, and computational results, that must be brought to bear simultaneously for the most
insightful outcome. There is also a need to effectively communicate such analysis, particularly visually, in the
scientific literature and other media. Although we have made significant advances on both of these fronts,
much remains to be done.
Aim 1A: Analysis capabilities
Prepare structures for docking/modeling. Structures from the RCSB or other sources are frequently desired
as targets for drug-binding analysis or other modeling, but cannot be used as input directly because of missing
side chains or hydrogens, lack of partial-charge assignments, or other issues. We will implement a streamlined
tool for preparing structures for such calculations by: deleting unwanted solvent/ions; eliminating alternate
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atomic locations; changing residues modified for crystallographic purposes to their normal equivalents (e.g.
selenomethionine to methionine); filling out incomplete side chains using a rotamer library (see letter from
Adam Frost); adding hydrogens; and adding partial charges. Partial charge assignment will not be limited to
standard residues. Charges for non-standard residues will be computed using the capabilities of AmberTools29.
Interactive localized MD simulations. Seeing the effect of a mutation on its local structure environment is a
useful and frequently desired capability. We will enable molecular dynamics simulation of such a local region at
interactive speeds through the combined use of OpenMM28 and AmberTools. Users will be able to play back
simulations and analyze how properties change over time, with some analyses including interactive 2D plots of
measurables (distances, RMSDs, energies, H-bonds), where clicking a time point will show the corresponding
data in 3D. AmberTools will be used for parameterizing the system and OpenMM will be used to run the
simulation in parallel across available CPUs and GPUs. Running dynamics rather than simple minimization will
allow exploration of the energy landscape beyond just the closest local minimum. Structure preparation will
leverage the capabilities discussed in the “Prepare structures for modeling” section above, but will also include
additional sanity checks for the presence of exotic bonding patterns, unusual atom types, or other features that
would prevent accurate simulation. Making this simulation capability as robust as possible in the face of
modified amino/nucleic acids, novel ligands, and unusual metal ions will be challenging, but the following work
in our favor: 1) Our experience with implementing minimization and MD in UCSF Chimera will help us to avoid
common pitfalls; 2) ISOLDE already includes an implementation of OpenMM simulations that partially
addresses these issues, and we will leverage its code and design paradigms as appropriate when
implementing localized MD directly in ChimeraX; and 3) We will have support from the OpenMM team (see
letter from John Chodera).
Sequence-structure analysis. We will add several desirable abilities:

● Filling in missing structure regions using Modeller26,27 in conjunction with sequence information
● Adding sequences to alignments from structures, files, text, or UniProt

○ Realigning sequences using a web service to programs such as Clustal Omega30 and
MUSCLE31

● Other alignment editing: sequence renaming, deletion, and reordering
○ Allowing sequence edits to make corresponding changes in associated structures

● Generating a sequence alignment from a structure superposition
Also, we will improve the responsiveness of ChimeraX’s sequence viewer when handling alignments of
thousands of sequences. This will involve rearchitecting the display to reduce memory use and streamline
rendering. As a useful alternative to showing large alignments directly, we will implement an information-dense
summary view based on ProfileGrids32.
Dimensionality reduction. It can be difficult to detect overall patterns within large sets of complex data, such
as whether dataset members naturally form clusters, and how individual members or clusters relate to the
others. We will incorporate dimensionality-reduction methods such as UMAP (Uniform Manifold Approximation
and Projection for Dimension Reduction)6,33 into ChimeraX so that tools can represent such complex data as
interactive 2D plots, where selecting a point on the plot would show the corresponding 3D structural
information (modeled assembly, mutation positions, density map, etc. depending on the use case). For
example, a trajectory could be characterized by sidechain angles of residues near a ligand along with H-bond
donor-acceptor distances, and those descriptors reduced to a 2D plot in which points represent various binding
modes of the ligand. We will also add interactive 2D plots in more prosaic contexts, such as plotting
measurables of a trajectory against time, or showing inter-residue contact maps.
Aim 1B: Dissemination of results
Animations and new depictions. Expert users can create beautiful and complicated multistep movies with
ChimeraX, as evident from recently published examples34,35. However, this generally requires writing a long
ChimeraX command script, with several cycles of trial and error to change what happens or to adjust the
speeds of, or lengths of time between, different parts of the movie. A learning curve is definitely involved. We
will simplify the process significantly by adding two major features. One is the ability to create “scenes” in
which the depictions and positions of all models are remembered, and that can easily be restored. This will be
useful in its own right as a way to quickly switch between different views of a system, such as for different
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panels of a figure. The second feature is a “timeline animation” tool where scenes can be dropped into a
timeline to create an animation that transitions between the scenes in an interpolated fashion (see letter from
Adam Frost). The timeline will also allow inserting trajectories from molecular dynamics (MD) or morphing.
Analogous to current options for simplified nucleotide displays such as ladder rungs or “lollipops” and coloring
by base type, we will implement abstracted depictions of glycan residues in accord with the community-curated
standard 2D Symbol Nomenclature for for Glycans (SNFG)36,37 but in 3D, along the lines of 3D-SNFG38. This
will aid in rapid recognition of protein glycosylation sites and types, including complex branched-chain
structures (see letter from Stephen Burley).
Improved interoperability with wwPDB repositories. With ISOLDE increasingly becoming a preferred tool
for model building, it would be very useful if mmCIF files written by ChimeraX could be used directly for
wwPDB deposition (see letter from Yifan Cheng). To facilitate this, we will improve the completeness of the
data that ChimeraX places in the file, e.g. precise helix and sheet types (alpha vs. 3-10 helix, for example). We
will implement a “metadata editor” for adding information such as experimental conditions and biopolymer
sequence, as well as a tool to help determine the PDB 3-letter code for a ligand. Conversely, users may want
to evaluate the quality of deposited  structures. We will provide a tool to fetch and display the information from
a wwPDB Validation Report for a structure (see letter from Stephen Burley) or Phenix validation results (see
letter from Paul Adams), directly annotated on the structure itself as appropriate. Experimental crosslinks are
frequently used for integrative modeling, the focus of the new PDB-Dev archive39, and we will add support to
visualize the challenging cases where crosslink end points are indeterminate because the molecular assembly
has many equivalent subunits (see letters from David Agard, Stephen Burley, and Andrej Sali).

Aim 2: Develop interactive visualization and analysis tools for electron microscopy of molecular
assemblies, cells and tissues.
Advances in electron microscopy methods now routinely produce atomic-resolution maps, detailed views of
cellular organization, and even large-scale views of tissues. These are spurring developments in visualization
and modeling, some of which we describe here, focusing on machine learning, interactive molecular dynamics,
and virtual reality. In addition to these highly innovative developments, ChimeraX (like its predecessor
Chimera) offers a wide range of high-performance, easy-to-use, proven visualization capabilities that we will
extend to handle the ever larger experimental data sets. Our tools span very diverse microscopy imaging
techniques: cryo-EM single-particle reconstruction, which produces atomic-resolution models; electron
tomography, probing cell organization at lower resolutions; and blockface scanning electron microscopy (e.g.
focused ion beam or diamond knife methods) and 3D light microscopy, covering cellular and tissue-level
organization. The range of analysis needs is vast, and our goal in ChimeraX is to provide a foundation where
many of the innovations can be made as plugins provided by community developers, as detailed in Aim 3 of
this proposal.
Aim 2A: Developments for electron microscopy of molecular assemblies
Visualization of molecular conformational heterogeneity using machine learning. Several new cryo-EM
software algorithms try to tease out multiple conformations of flexible molecular assemblies using machine
learning methods (e.g. cryoDRGN3, 3DFlex4, 3D Variability Analysis40, ManifoldEM41). New visualization
capabilities are needed to understand the results of these methods. For example, the cryoDRGN method trains
a neural network to produce a 3D map parameterized by typically a 10-dimensional space of parameters
representing conformations and flexibility. Each of the thousands to millions of particle images seen in 2D
micrographs is classified in this 10-parameter space. To visualize the conformations, this 10-dimensional point
cloud is projected onto a 2D scatter plot where clusters represent conformations (Figure 5). The parameters
associated with a point in the plot can be fed into the neural net to produce the associated density map. We will
incorporate a powerful new point projection method called Uniform Manifold Approximation and Projection6,33

(UMAP), which we also plan to use for other analysis tools as described in Aim 1, and we will add the ability to
visualize the observed conformations by computing maps for chosen points. The computationally intensive
neural network training will not be part of ChimeraX, and is typically done on a large computing cluster.
Interactive molecular dynamics for fitting atomic models in maps. The resolutions produced by cryo-EM,
often in the 2-4 Å range, are challenging for building correct atomic models. The use of interactive molecular
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dynamics to assist in matching the density
map has proved highly effective in the
ISOLDE plugin to ChimeraX, and at
secondary-structure resolutions (5-8 Å), in
the TEMPy fitting plugin (see letters from
Tristan Croll and Maya Topf). Both of
these plugins use the OpenMM library
provided by ChimeraX for molecular
simulations on the graphics processor.
The main requirements for this application
are high interactive speed and robust
calculation, as opposed to the higher
accuracy needed for typical molecular
dynamics to investigate molecular
function, since the experimental EM map
can compensate for the faster, less
accurate simulation. We will provide these
quick, localized calculations in ChimeraX using OpenMM as described in Aim 1 for both EM fitting and
exploratory analysis (see letter from John Chodera).
Faster map contouring and masking. Higher resolutions have resulted in larger map sizes, with up to a
billion grid points (e.g. 1024^3). While ChimeraX uses one of the fastest contour surface calculation codes
available, we plan to make it several times faster using parallel computations. Interactive model building often
uses a "spotlight" mode where only the map region of current focus is shown; we will also optimize the speed
of map updates as different regions are shown.
Model building and validation tools. Modeling and validation capabilities in ChimeraX are developed with
separate funding. The work proposed here will enable those separate developments by providing underlying
needs, such as a molecular dynamics engine. We collaborate with Paul Adams (see letter of support) with
funding from an awarded R24 grant to interface computational methods of Phenix42,43, the most widely used
modeling software, to enable fragment extension, ligand placement, and validation within ChimeraX and by
plugins written by community developers.
Aim 2B: Developments for electron tomography of cells and tissues
Improved volumetric visualization using lighting. Ambient-occlusion lighting (where shadows are cast from
all directions) greatly enhances the 3D perception of molecular models and cryo-EM map surfaces and has
become widespread in publications following our robust interactive implementation in ChimeraX. Cellular
microscopy is often limited by lack of contrast in highly crowded molecular environments, and
contrast-enhancing rendering is a critical need. We will extend our ambient-occlusion lighting to transparent
volumetric renderings, exploring both hardware-accelerated raycasting approaches enabled by the latest
graphics cards and a method available on all graphics hardware that uses stacks of transparent planes. This is
in collaboration with Allen Institute of Cell Science, which has pioneered these methods44 (see Figure 6 and
letter from Graham Johnson). Extending ambient-occlusion lighting to transparent renderings will benefit 3D
imaging by both electron and light microscopy.
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Visualizing, quantifying, and creating segmentations. Segmentations that identify large molecular
assemblies, filaments, organelles, and diverse components within cells are a primary means of understanding
cellular organization. Despite the high value of segmentations, standard file formats are still under
development. ChimeraX will support the new segmentation formats being developed by the EM DataBank (see
letter from Gerard Kleywegt). Quantification of segmented objects and their spatial relationships is a key need.
For example, counting thousands of proteasome degradation complexes in proximity to amyloid fibrils45 gives
insight into neurodegenerative diseases, and linear strings of ribosomes reveal mechanisms of simultaneous
translation of single mRNA transcripts. We will provide new ChimeraX capabilities to compute statistics for
spatial relationships of segmented objects. These are especially needed with new machine-learning
segmentation approaches to identify molecular assemblies in cells. Early steps in analyzing tomography
involve visualization and often hand annotation to mark interesting regions. We will provide interactive 3D
painting of structures of interest using the mouse or virtual reality to make such annotations.
Analysis tools for subtomogram averaging. With recent advances, the densities of multiple copies of
molecular assemblies observed in tomograms can be averaged to achieve subnanometer resolutions. Such
resolutions enable unique structural studies such as directly observing accessory proteins bound to
microtubules (see letter from Dave Agard). Focused refinement, which requires creating a region mask, is used
to optimize the resolution of specific regions in these assemblies; the separately refined map regions are then
combined for visualization. We will provide tools to create masks and to combine focused refinement maps.
Methods of identifying secondary structures such as alpha helices using machine learning and flexibly fitting
atomic models at the secondary-structure level are areas of active ChimeraX plugin development that aid
subtomogram analysis (see letters from Jing He and Maya Topf).
Virtual reality visualization of tomograms. Stereoscopic visualization of tomograms using virtual reality (VR)
headsets with ChimeraX has enabled remarkable discoveries such as leaf-like aggregates in neurons in
Huntington's disease (see letter from Wah Chiu). The ability to naturally change viewpoints using head
movements and manipulation with hand controllers shows great promise and has been under development in
ChimeraX for six years and in active use for three, ranging in applications from drug-binding studies to cellular
tomography. We will optimize VR visualization for the large sizes of tomogram data, allowing simple resolution
control, cropping to subregions, high-performance noise reduction, and interactive annotation of structures of
interest. These developments will allow researchers who are not experts in virtual reality to analyze their 3D
microscopy images, reaching many labs beyond the current early-adopters at the world's leading microscopy
centers.
Visualization of tiled 3D microscopy of tissues. Methods to image large tissue sections by 3D electron and
light microscopy promise groundbreaking discoveries. Electron microscopy of the whole fly brain is being
carried out46 and many human tissues are being imaged by 3D light microscopy for the Human Biomolecular
Atlas Program5 and Human Cell Atlas project47. These efforts divide the data into hundreds of gigabyte-size 3D
images, tiling the sample to allow parallel data processing. Tiled data files have been visualized with ChimeraX
using custom Python scripts. We will add support to easily create multi-resolution unified files for visualization
and the ability to roam the data sets. We will support new file format standards such as Zarr48 and N549 in
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addition to our current support for HDF550. These capabilities will allow more in-depth analyses,
complementing the web browser 2D visualization that usually accompanies these data sets.

Aim 3: Provide a diverse software foundation enabling labs around the world to develop and distribute
new molecular and cellular structure analysis software.
This aim has two major objectives: 1) to increase community development of ChimeraX plugins, and 2) to
ensure ChimeraX supports cutting-edge structural biology research decades beyond the initial work of the core
UCSF development team. Currently, there are about ten outside developers contributing plugins, enabling new
analyses that substantially increase the impact of ChimeraX. Examples include atomic-model refinement and
validation18,51,52, quantum chemistry utilities53, EM fitting and segmentation, and integrative modeling54 (see
letters from Tristan Croll, Gerard Kleywegt, Steven Wheeler, Maya Topf, Jing He, and Andrej Sali). We propose
to simplify development of plugins and support developers outside UCSF, with the goal of building up to 100 or
more outside contributors. We promote the FAIR principles55 by making plugins Findable, Accessible,
Interoperable, and Reusable through our Toolshed repository, which indexes the available plugins and allows
single-click installation from within ChimeraX.
The predecessor to ChimeraX, our Chimera software, has been in productive use for 20 years, and we expect
it to be fully superseded by ChimeraX within the next few years. We propose several key developments to
allow ChimeraX to be used productively and continuously augmented with state-of-the-art capabilities for a
25-year lifespan. This requires empowering community developers to lead all aspects of the project by the time
the core UCSF development team completes the base functionality. ChimeraX code is publicly available on
GitHub, and our proposal will augment our UCSF distributions with distributions through the standard
cloud-based Python package managers PyPi and Anaconda, and migrate from UCSF-centralized builds to
standard cloud-based build environments such as Travis that community developers can use.
In the following we describe some of the principal developments we will undertake to maximize the impact of
community developers of ChimeraX tools and assure that fruitful new developments continue beyond the
funding requested in this proposal.
Aim 3A: New capabilities for plugin development
A standard platform for machine-learning algorithms. Machine-learning methods that use neural networks
are beginning to have a dramatic impact on structural biology, for example, producing by far the best protein
structure predictions from sequence in CASP142, and demonstrating remarkable ability to extract
conformational dynamics in electron microscopy data (e.g. cryoDRGN3, 3DFlex4).  We intend to make
ChimeraX a standard platform for distributing new machine-learning methods by including the standard
machine-learning frameworks such as PyTorch and TensorFlow.  We will provide simple programming
examples so that labs developing these algorithms can produce plugins that combine neural networks with the
rich visualization and user interfaces offered by ChimeraX.
Simple programming to access web services. ChimeraX uses web services56 to perform calculations or
access data on a remote server or the cloud instead of on the user's computer. Examples include performing a
BLAST sequence search for structures at the Protein DataBank, or building a homology model of a protein of
interest from a related structure. Computing on the cloud allows accessing large databases, running
compute-intensive jobs, and updating algorithms without the user installing any new software. We will develop
simple programming interfaces to allow ChimeraX plugins to utilize web services based on the REST
communication standard. This will allow submitting a job, monitoring progress, and receiving results for
subsequent visualization.
Providing complex calculations with good user experience. The analysis done in ChimeraX is highly
interactive, with most operations taking seconds or fractions of a second (e.g. computing molecular surfaces,
hydrogen bonding, or hydrophobicity, or denoising a cryo-EM map).  More sophisticated calculations, web
services, and especially new algorithms in community-developed plugins that have not yet been optimized for
speed can take minutes or hours to run. To avoid freezing ChimeraX, we will provide programming interfaces
to manage long-running tasks and allow using ChimeraX interactively while calculations proceed. Task
progress will be reported and results shown when they are available, and jobs can be stopped, for example to
change the input or to reduce the input size if the estimated time to complete is prohibitive. Task-management
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user interfaces and parallel computing approaches will be built into ChimeraX, simplifying work for plugin
developers.
Programming examples. ChimeraX community developers are primarily graduate students and postdocs
rather than professional programmers. A plugin may include several common types of capabilities: reading a
new file format, adding a new typed command, adding a user-interface panel and menu entry, adding a mouse
mode, and adding a "preset" menu entry that sets display styles and colors. For each of these common tasks,
we will provide simple programming examples that can be used as templates by community developers.
ChimeraX has hundreds of functions allowing control of visualization, calculations, data reading and saving,
with detailed documentation. We will develop simple programming examples that use common combinations of
these extensive capabilities, and will continue to add about ten examples per year. The goal is that community
developers will always have example Python code to start from that allows them to make a working plugin as
quickly as possible.

Aim 3B: Expanding the distribution of plugins
Utilizing the PyPi and Anaconda Python package managers. ChimeraX is distributed from our
UCSF-hosted web site and includes the Toolshed repository of community-developed plugins. We will augment
these approaches by also supporting distributions using the standard cloud-based Python package repositories
PyPi and Anaconda. ChimeraX uses more than 50 third-party packages from these repositories, and plugins
often utilize additional packages. Also providing ChimeraX through the same mechanism simplifies use by
community developers, provides greater flexibility for reuse by not requiring our desktop application
distribution, and provides a distribution system that is not tied to UCSF computer resources and hence can
serve beyond the funded development of the UCSF team. This is crucial for maintaining a vibrant ChimeraX
development environment for the expected decades-long lifetime of the software.
Cloud-based building of ChimeraX and plugins. ChimeraX is built for Windows, Mac and several Linux
distributions on UCSF computer systems, requiring multiple computers and a large set of ancillary software
(C++ compilers, “makefile” scripts, documentation generation tools, and 50+ third-party packages and libraries)
as described in our programming documentation. It is automatically built and tested every night, both to ensure
that recent code additions or changes have not broken something and to make the latest enhancements
available to others via these “daily build” versions. To simplify builds, we propose migrating to standard
cloud-based “continuous integration” services such as Jenkins, Travis CI, or GitLab. This ensures that
community developers can more easily build ChimeraX as all system requirements are specified, facilitates
testing changes, and allows plugins that use compiled C++ to be built for all operating systems without
requiring the biology lab that develops the plugin to have their own suite of development machines. It also
ensures that the software is not dependent exclusively on UCSF computing resources.

Project Timeline: Most of the Specific Aims can be split roughly into two phases, Initial Implementation and
Enhancements (see table below). Implementation provides the reference functionality that may be used as a
foundation for other aims. Enhancements include adding functionality requested by users, fixing bugs, and
changes necessitated by new versions of platform operating systems.
Potential Problems, Alternative Strategies, Benchmarks for Success: Potential problems revolve around
having adequate programmer resources for rapid development, incorporating the best available technologies,
and maintaining the software beyond the period of funded development. We aim to convert as many as
possible of our 38,000 registered (and many more unregistered) Chimera users to ChimeraX within the next
year or two. Long-term users of complex software are notoriously reluctant to upgrade, but strong adoption so
far indicates that the numerous more powerful capabilities of ChimeraX compared to Chimera are compelling
and in view of the fact that we are doing no active development on Chimera. The ChimeraX user interface and
commands preserve the best features of Chimera, making the transition easier. We will also implement an
export-to-ChimeraX feature in Chimera, so that work done in Chimera will not be lost due to the transition. Our
extensive presentations of tutorials at workshops and development of online tutorial materials, now entirely
focused on ChimeraX, will aid in recruiting existing Chimera users as well as graduate students new to
molecular visualization. While most academic software projects are the work of a single graduate student, our



software is developed by a team with deep experience in the problem domain, and we believe the scope of the
work is appropriate given the human resources available. ChimeraX is based on the most widely used and
stable components: the Python 3 programming language, the Qt window toolkit, and the latest GPU
programming APIs of the OpenGL graphics library. We believe that these components will sustain a 15-year
software lifetime (Chimera has been in use for 20 years). Community effort will be important for maintenance of
the software beyond the funded development period, and a primary goal of the ChimeraX design (all of Aim 3)
is to engage significant numbers of community developers.
Alternative strategies to deliver multiscale visualization to researchers include using web-based and
cloud-based tools and mobile devices (smart phones, tablets). While many computing applications are
web-based, we believe that visualization and interactive analysis benefit from the high graphics performance,
fast access to large data, and larger screens of laptop and desktop computers. As discussed, ChimeraX also
uses web and cloud services for computationally intensive tasks and access to large data sets. ChimeraX is a
leading virtual-reality molecular and cellular visualization tool. To visualize 3D microscopy using virtual reality,
desktop and laptop graphics allow larger data sizes than possible on mobile devices by virtue of their
order-of-magnitude faster graphics processors.
We will use unambiguous quantitative measures of success for ChimeraX (see Significance section), which is
currently cited about 50 times per month with more than 800 citations to date. New ChimeraX user
registrations are rapidly accelerating now at 150 per month with 1500 registrations to date, and 12 plugins to
ChimeraX have been written by outside developers. These numbers reflect lower bounds, as many research
articles do not cite the visualization software used, and many users do not register. Our registration system
asks a user to register only after 15 distinct days of use, and there are no software limitations for failure to
register. This gives a conservative measure of serious users, unlike typical raw download numbers, which may
grossly overestimate user counts. We expect numbers of citations and registrations per month for ChimeraX to
approach Chimera levels (250 citations and 300 registrations per month) within the next few years, when a
majority of users have migrated to the new software. The stable programming APIs, Toolshed plugin store, and
active support provided with ChimeraX are expected to enable hundreds of contributed tools from numerous
research labs over the projected 15-year lifespan of the software, with an estimated 50 contributed tools during
the proposed 4-year funding period, matching the total number of extensions contributed to Chimera.
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