


sets of varying scales (atomic, molecular, even cellular)

have become available. Recent advances in lattice

light-sheet microscopy have enabled the imaging of

whole cells at high spatiotemporal (4D) resolution.5

Computational methods have also contributed to the

growth. For example, molecular dynamics time series

may contain many thousands of coordinate sets, and

integrative hybrid modeling6 produces large ensembles

of candidate structures. In our experience, no current

molecular modeling package handles all of these new

and large data types gracefully, generally because the

programs were designed for the types of data available

when they were first implemented.

In parallel to the growth in data types, the

number of web resources, both databases and com-

putational services, has increased steadily as

well.7–9 While the Worldwide Protein Data Bank

(wwPDB)10 is still the leading repository for experi-

mentally solved atomic structures, many other

repositories are of interest to researchers: Mod-

Base11 for predicted atomic structures; EMDB12 for

electron microscopy maps; and sequence and domain

databases including UniProt,13 Pfam,14 CATH,15

SCOP,16 and those from NCBI,17,18 to name just a

few. Computational services are also numerous, yet

often each requires its own access method and offers

data or results in its own format.

In response to these many advances, we are

developing a next-generation interactive molecular

graphics system, UCSF ChimeraX. ChimeraX builds

on our highly successful UCSF Chimera visualization

system,19–22 which was first released in 2002 and has

been cited by over 11,800 journal articles, downloaded

over 620,000 times, and has over 22,200 registered

users (even though registration is voluntary and does

not affect program functionality). Our goal for Chi-

meraX is to provide an integrated multiscale modeling

environment that enables researchers to interactively

access, visualize, and analyze structural data of vary-

ing resolution on scales ranging from atomic to cellu-

lar. Other types of data, such as protein sequences

and hybrid-modeling restraints, may be displayed and

analyzed using integrated tools that link the disparate

data types. ChimeraX is built using standard software

toolkits that utilize advanced Graphics Processing

Unit (GPU) capabilities and the parallel computing

capabilities of modern hardware. For interacting with

external resources, we provide standardized applica-

tion programming interfaces (APIs) for (1) creating

and accessing visualization data; (2) network commu-

nications with databases and web services; and (3)

inter-process communications to coordinate with other

interactive applications in the environment.

This article is not a comprehensive survey of the

available features. ChimeraX includes many capabili-

ties common to molecular modeling applications, such

as superposition, calculations, and measurements,

multiple display styles, and creating high-resolution

images and movies, that will not be described in detail

here. ChimeraX will continue to build upon the

strengths of Chimera in areas like interactive fitting

to density, map processing, structure analysis, and

sequence-structure crosstalk. For example, it includes

commands and graphical interfaces similar to those in

Chimera for working with “volume” data (density

maps, potential maps, 3D imaging) and volume time

series. At the same time, ChimeraX incorporates novel

algorithms and previously unavailable features, some

of which are highlighted below. Further, ChimeraX is

in early development and its capabilities will continue

to grow throughout time. Below, we highlight Chi-

meraX features in three general areas: visualization

and usability, performance and scalability, and extensi-

bility with plug-ins.

Visualization and Usability

The first broad section covers ChimeraX advances in

the 3D visualization of structures and other data,

crosstalk between 3D data and 2D representations

such as plots, and other aspects of the graphical inter-

face. Except where noted otherwise, the features

described are included in a ChimeraX download.

Interactive ambient occlusion and other lighting
modes

ChimeraX has two directional lights, key and fill, plus

ambient lighting. The key light is typically the domi-

nant source of directional light and can cast shadows;

the fill light serves as a secondary directional source

to brighten regions that would otherwise be dark. The

ambient lighting is an approximation to omnidirec-

tional illumination. Shadows cast from a sufficient

number of uniformly distributed directions give the

effect of ambient shadowing, or ambient occlusion.

Ambient occlusion can improve depth perception dra-

matically by providing a more realistic representation

of an object’s appearance in surrounding light (e.g.,

the third and fourth columns in Fig. 1).

The pioneering application for ambient-occlusion

molecular rendering, QuteMol,23 has many attractive

rendering styles; however, it is somewhat limited in

options for representation (no ribbons or molecular sur-

faces), coloring, and data types handled (no density

maps or mmCIF input), and is not intended for

broader structural analysis. The VMD package24 has a

built-in ray tracer with ambient occlusion rendering,

but GPU acceleration for interactivity requires an NVI-

DIA GPU that supports CUDA. Video games generally

use screen-space ambient occlusion, which is fast

enough to accommodate rapid changes in a scene, but

prone to artifacts since it uses only the depths of

nearby points in rendered views. The screen-space

method has also been implemented for biomolecular

visualization, with related enhancements.25

ChimeraX makes interactive, high-quality

ambient-occlusion rendering generally available,
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