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ABSTRACT

Large biomolecular structures are being determined
experimentally on a daily basis using established
techniques such as crystallography and electron mi-
croscopy. In addition, emerging integrative or hy-
brid methods (I/HM) are producing structural mod-
els of huge macromolecular machines and assem-
blies, sometimes containing 100s of millions of non-
hydrogen atoms. The performance requirements for
visualization and analysis tools delivering these data
are increasing rapidly. Significant progress in devel-
oping online, web-native three-dimensional (3D) vi-
sualization tools was previously accomplished with
the introduction of the LiteMol suite and NGL View-
ers. Thereafter, Mol* development was jointly initi-
ated by PDBe and RCSB PDB to combine and build
on the strengths of LiteMol (developed by PDBe)
and NGL (developed by RCSB PDB). The web-native
Mol* Viewer enables 3D visualization and stream-
ing of macromolecular coordinate and experimental
data, together with capabilities for displaying struc-
ture quality, functional, or biological context anno-
tations. High-performance graphics and data man-
agement allows users to simultaneously visualise up
to hundreds of (superimposed) protein structures,

stream molecular dynamics simulation trajectories,
render cell-level models, or display huge I/HM struc-
tures. It is the primary 3D structure viewer used by
PDBe and RCSB PDB. It can be easily integrated into
third-party services. Mol* Viewer is open source and
freely available at https://molstar.org/.

GRAPHICAL ABSTRACT

INTRODUCTION

Experimental methods to determine the three-dimensional
(3D) structures of biomolecules are continuously im-
proved and produce molecular complexes from models
with various resolutions that span multiple scales and
can be dynamic throughout an experiment. By combining
data from complementary experimental techniques includ-
ing macromolecular crystallography (MX), nuclear mag-
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netic resonance (NMR), 3D electron microscopy (3DEM),
small-angle scattering (SAS), chemical crosslinking, or
integrative/hybrid methods (I/HM), 3D structural models
of large macromolecular systems can be determined (1,2).
Such models include large macromolecular machines (3),
dynamic assemblies, membrane organization (4), genome
architecture (5,6) or even whole organelles (7). Access, vi-
sualization and analysis of these structures is a central part
of structural biology and structural bioinformatics. How-
ever, as macromolecular data sets grow ever larger and more
complex, it becomes challenging to create software tools to
access, visualize, and manipulate them.

Web platforms, both mobile and desktop, have become
an increasingly popular and essential tool for perform-
ing these tasks. Embracing advances in web browser tech-
nology provides the means for creating scalable molecular
graphics and analysis tools with near-instant access to any
available data. Web-based tools are platform-independent
and require little or no local software installation, making
them available to virtually everyone in both the scientific
and non-scientific community, reaching an audience larger
than ever before. Moreover, these technologies (most no-
tably JavaScript, HTML and WebGL https://www.khronos.
org/webgl/) and their surrounding ecosystem (including
NPM https://www.npmjs.com/, Node.js https://nodejs.org/,
TypeScript https://www.typescriptlang.org/, GitHub https:
/lgithub.com/) offer good support for the development of
modular libraries and components. In summary, the web
provides a unique opportunity to develop a common library
and a set of tools for accessing, analysing, and visualizing
macromolecular data.

Here, we introduce Mol* (/’'mol-star/) Viewer, part of the
Mol* open source project (8) developed by an international
group of contributors and supported by RCSB Protein Data
Bank (RCSB PDB) (9) and Protein Data Bank in Europe
(PDBe) (10) with the goal of developing a common library
and tools for web-based molecular graphics and analyses.
The Mol* project includes modules for data storage, in-
memory representation, a query language, Ul state man-
agement, visualization, and tools for efficient data access in
a collaborative ecosystem. Collaborative development also
helps with anticipating and keeping up with developments
in structural biology and related fields as well as long-term
sustainability.

The purpose of Mol* Viewer is to enable web-
based molecular visualization and analyses by pro-
viding a common library for the rapid and efficient
development of tools and services for the structural
biology/bioinformatics community. Examples include
showing experimental/validation-related data for macro-
molecular models; displaying various annotations for
macromolecular models providing biological context,
including SCOP (11), PFAM (12), UniProt (13); the
creation of visually interesting, engaging, and interactive
educational materials; or visualizing results from structural
bioinformatics or computer-aided drug design efforts. The
project builds on the code and knowledge the authors
gained from developing web-based molecular viewers,
analysis tools, and compressed file formats, including the
LiteMol Suite (14), the NGL Viewer (15,16), PatternQuery
(17), MMTF (18,19) and BinaryCIF (20). Mol* Viewer is

developed as an open source project and hosted on GitHub
(https://github.com/molstar).

DESCRIPTION OF THE WEB APPLICATION
Visualization capabilities

Mol* Viewer can visualize markedly larger molecular
systems than other currently available web visualiza-
tion tools. Due to built-in BinaryCIF (20), decompres-
sion support, and advanced techniques for model and
volume/experimental data streaming (14), even large struc-
tures are interactively renderable over limited bandwidth.
As such, Mol* Viewer is able to render many types of large
systems, including ribosomes, virus capsids, collections of
superimposed macromolecules (e.g. a comparison of indi-
vidual members of the same protein family), or MD simula-
tion systems. Additionally, it is able to visualize mesoscopic
models such as cellPACK models, as illustrated in Figure 1.

Overview of Mol* Viewer’s new and improved features

Mol* inherits many LiteMol suite and NGL Viewer fea-
tures, as described in their respective articles. Here, we high-
light some of its new and improved features:

e Advanced User Interface: access to many capabilities of
the underlying Mol* library for fully creating molecular
scenes with custom visuals and colourings.

e High-quality rendering: advanced rendering options for
beautiful images and improved perception of details,
such as lighting (matte, metallic, glossy, plastic), outlines,
fog/depth cue, and ambient occlusion ‘shadows’ which
darken crevices occluded from ambient light (Figure 2).

e Sequence view and molecular component focus tools. inte-
grated sequence view and component (e.g. ligand or poly-
mer) selection menu to help with navigating the structure
and making selections.

o Alignment of molecules.: sequence-guided pairwise align-
ment of two or more structures and ligand alignment by
manual selection of corresponding atoms.

e Measurements and labels: geometric measurements (dis-
tances, angles, dihedrals) and their labelling.

e Session state saving: save the current molecular scene to
reload it later.

e Animation export: video export of molecular dynamics
simulations, rotating molecules, and 3D state transitions
(such as zooming to a binding site).

e Screenshots: custom-sized, high-resolution, anti-aliased
screenshots with preview, automatic cropping, and trans-
parent background support.

e Built-in data loading and annotations: includes support
for loading data from RCSB PDB and PDBe MX and
3DEM density servers, wwPDB validation reports, and
RCSB PDB assembly symmetry.

Data formats accepted by Mol* Viewer

Mol* Viewer is currently able to load and visualize many
file formats with 3D structures:
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Figure 1. cellPACK model of enveloped HIV capsid in blood serum (67 870 140 atoms) with smooth browser-based visualization using nVidia RTX 2060
graphics card.

Figure 2. The effect of lighting modes and representations on the clarity of the visualization. PDB entries (left to right) 4ktc, 5fj5S and lupn rendered
using different lighting modes and representations. Top row: screen-space ambient occlusion and outline. Bottom row: direct light and ambient light. An
interactive version of this figure is available at the Mol* Viewer web page (https://molstar.org/).
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Figure 3. Mol* Viewer user interface. The 3D Canvas shows the beta2 adrenergic receptor-Gs protein complex (PDB entry 3sn6) with a molecular surface
coloured by the relative solvent accessible surface area. The inset shows an exploded view of the deeply buried binding interface of the beta2 adrenergic

receptor with the Gs-alpha subunit.

o Structures (21): PDBx/mmCIF (https://mmcif.wwpdb.
org/pdbx-mmcif-home-page.html)  (including Bina-
ryCIF encoded), pdb (ftp:/ftp.wwpdb.org/pub/pdb/
doc/format_descriptions/Format_v32_letter.pdf), pdbqt
(http://autodock.scripps.edu/fags-help/fag/what-is-
the-format-of-a-pdbqt-file), gro (https://manual.
gromacs.org/documentation/2018/user-guide/file-
formats.html#gro), sdf (https://discover.3ds.com/sites/
default/files/2020--08/biovia_ctfileformats_2020.pdf),
mol (https://discover.3ds.com/sites/default/files/
2020--08/biovia_ctfileformats_2020.pdf), mol2 (http:
/Ilchemyang.ccnu.edu.cn/ccb/server/ AIMMS/mol2.pdf),
CIF-core (small molecule/crystallographic cif) (https:
/Iwww.iucr.org/resources/cif/dictionaries/cif _core).

e Volumes: ccpd/mrc/map (22), dsn6/brix (http://svn.cgl.
ucsf.edu/svn/chimera/trunk/libs/VolumeData/dsn6/brix-
1.html), cube (http://paulbourke.net/dataformats/cube/),
dx  (https://www.ics.uci.edu/~dock/manuals/apbs/html/
user-guide/x2674.html), BinaryCIF (20).

o Trajectories: xtc (https://manual.gromacs.org/
documentation/5.1/user-guide/file-formats.html#xtc),
ded  (https://www.ks.uiuc.edu/Research/namd/2.14/ug.
pdf), psf (topology) (http://www.ks.uiuc.edu/Training/
Tutorials/namd/namd- tutorial-win.pdf).

e Generic triangle geometries: ply (e.g., coloured surfaces
calculated by external tools) (http://gamma.cs.unc.edu/
POWERPLANT/papers/ply.pdf).

Adding support for additional formats is usually a
straightforward process.

Implementation

TypeScript (https://www.typescriptlang.org/) was used for
the development of the web application, WebGL (https://
www.khronos.org/webgl/) for hardware-accelerated 3D ren-
dering, and the standards of the open web platform (https:
[lwww.w3.org/standards/) for the whole tool. The React
framework (https://reactjs.org/) was used to implement the
application’s UI.

RESULTS

Mol* Viewer offers a wide variety of visualization aspects
that are required by current structural biology needs. It
can show one structure, a few structures, or a large set of
structures (e.g. a whole protein family). The structures can
be static or dynamic (e.g. a molecular dynamic trajectory).
It can visualize large mesoscopic models (e.g. Genome3D
(6), cellPACK models (23)), hybrid models (e.g. from PDB-
Dev (1)), protein assemblies, but also residues at atomic
resolution. All the levels of detail can be seamlessly nav-
igated within one Mol* session (provided the availabil-
ity of the data). Various visualization models of structure
coordinates can be applied, specifically: surfaces and vol-
umes (Gaussian surface, Gaussian volume, molecular sur-
face, etc.), secondary structure (e.g. cartoon, ribbon), lig-
ands (labels, glycan 3D-SNFG symbols (24), etc.), atoms
(balls and sticks, lines, points, etc.). These visualization
models can be coloured not only according to many types
of atom properties (including occupancy, uncertainty, etc.),
residue properties (including hydrophobicity and accessible
surface area) and chain properties but also based on anno-
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Figure 4. Practical demonstrations of Mol* Viewer visualization capabilities. We prepared several use cases that can be accessed from the Mol* web page
(https://molstar.org). (A) Enveloped HIV capsid in blood serum. Originates from cellPACK and includes more than 13 million atoms. It is a simplified
interactive version of Figure 1. (B) Superimposition of cytochromes P450. The superimposed structures are coloured according to a structure quality
annotation based on wwPDB validation reports. (C) Villin un/folding simulation. A set of molecular dynamics trajectories for Markov state model analysis
along villin headpiece folding and unfolding pathways. (D) SARS-CoV-2 Virion. The coarse-grained model composed of glycosylated S-proteins, M-
proteins, E-proteins, and a lipid bilayer. (E) GAIN domain tethered agonist exposure simulation. Molecular dynamics trajectory. (F) Nuclear pore complex.
Hybrid model originating from PDB-dev and including 238 288 unique residues. (G) Zika virus assembly including its Cryo-EM density. The original size of
the data is about 1.6 GB. (H) Molecular orbitals and electron density of atorvastatin. Visualization of molecular orbitals and the electron density obtained
using semiempirical GFN1-xTB method (34,35) (used at https://envision.entos.ai). (I) DNA binding protein assembly. A protein assembly is showcasing

the RCSB PDB assembly symmetry annotation.

tations (e.g. quality criteria annotations loaded from ww-
PDB validation reports (25)). Mol* also supports the ren-
dering of electron densities and Cryo-EM maps. Further
molecular characteristics, for example, molecular orbitals,
non-covalent interactions, and membrane orientation, can
be shown. Figure 3 shows the user interface of the Mol*
Viewer and Figure 4 points to interactive practical demon-
strations of Mol* Viewer’s capabilities.

The high quality and applicability of Mol* Viewer was
shown by a large number of integrations of it into scien-
tific tools and databases. Mol* Viewer was integrated into
PDBe and RCSB PDB as the primary 3D viewer where it is
actively used by thousands of users daily. Moreover, Mol*
Viewer was incorporated into many other resources, includ-
ing PDBe-KB (26), PDB-Dev, EMDataResource (27), PED
(28), MobiDB (29) and HARP (30).

CONCLUSION

Mol* Viewer is a powerful web application for the visual-
ization and analysis of molecular data. Its visualization ca-
pabilities far exceed other currently available web visualiza-
tion tools. Mol* Viewer’s speed and robustness allow the
fast and intuitive visualization of molecular data ranging
from atomistic models from PDB or MD simulations up
to hybrid models with hundreds of thousands of residues,
mesoscale cellPACK with tens of millions of atoms, or 3D
Genome data. Furthermore, Mol* Viewer offers advanced
selection and superimposition functionalities. It also offers
a rich set of visualization models and colouring types. Last
but not least, Mol* Viewer can save a visualization state op-
erated by this web app.

Mol* Viewer can be used from its webpage https:/
molstar.org/ or can be integrated into other web applica-
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tions. Its source codes are available on GitHub at https:
/[github.com/molstar.

DATA AVAILABILITY

Mol* Viewer is available for free at https://molstar.org/, un-
der the MIT license, a permissive Open Source license, to
facilitate code sharing and collaboration. The code is avail-
able on GitHub at https://github.com/molstar. Mol* Viewer
can be readily embedded into any scientific web application.

Data for Figure 4C are available at https://doi.org/10.
6084/m9.figshare.12040257.v1 and (31). Data for Figure 4D
are available at (32). Data for Figure 4E are available at (33).
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