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Almost every piece of scientific literature reporting advances in immersive interfaces for
molecular modeling suggests or assumes that these technologies should greatly enhance
thought processes in chemistry and structural biology, thus being useful for education,
research and outreach in these disciplines. However, actual testing of immersive
technologies for molecular modeling progresses very slowly, because most available tools
require specialized hardware and software thus being hardly accessible to the community.
As an alternative of much wider reach, | explore here state-of-the-art technologies for
building immersive human-computer interfaces through augmented and virtual reality in
web browsers. Specifically, | discuss and showcase how these technologies can be
integrated into web apps that enable commodity, open-source, highly interactive human-
computer interfaces for chemistry, structural biology and related disciplines, in ways
accessible with standard computer devices and no software impediments. The prototype
applications showcase wide applicability to education and research, ranging from
visualization in interactive immersive 3D to basic modeling of physics and chemistry and
on-the-fly comparison of experimental and simulated data. From this playground I outline
how these emerging technologies could couple in the future to neural-network-based
physics calculations, speech-based computer interaction, and sockets for concurrent
collaboration through the internet -all technologies that are today maturing in web
browsers- to deliver the next generation of tools for interactive, immersive, collaborative
molecular modeling that can streamline human thought and intent with the numerical
processing power of computers, at affordable costs. The prototypes and ideas introduced
here further serve as starting points to build active content that everybody can utilize
online, allowing for the first time actual mass testing of the power of immersive
technologies for molecular modeling.

Peer] Comput. Sci. reviewing PDF | (CS-2019:03:36241:0:0:NEW 7 Apr 2019)


Bjorn Sommer
GREEN - ignore, just marks for me concerning relevant regions

YELLOW - problematic, see comments

RED - mistake/typo etc., see comments�


PeerJ

Building blocks for commodity immersive molecular
modeling in web browsers

Luciano Andrés Abriata!

I Laboratory for Biomolecular Modeling and Protein Production and Structure Facility, School
of Life Sciences, Ecole Polytechnique Fédérale de Lausanne and Swiss Institute of
Bioinformatics, CH-1015 Lausanne, Switzerland.

Corresponding Author:

Luciano A. Abriata!

AABO044 Station 19, CH-1015 Lausanne, Switzerland
Email address: luciano.abriata@epfl.ch

Abstract

Almost every piece of scientific literature reporting advances in immersive interfaces for
molecular modeling suggests or assumes that these technologies should greatly enhance thought
processes in chemistry and structural biology, thus being useful for education, research and
outreach in these disciplines. However, actual testing of immersive technologies for molecular
modeling progresses very slowly, because most available tools require specialized hardware and
software thus being hardly accessible to the community. As an alternative of much wider reach, [
explore here state-of-the-art technologies for building immersive human-computer interfaces
through augmented and virtual reality in web browsers. Specifically, I first discuss and then
introduce examples on how these technologies can be integrated into web apps that enable
commodity, open-source, highly interactive human-computer interfaces for chemistry, structural
biology and related disciplines, accessible on standard computers, tablets and smartphones with
no software impediments. The example, prototype web apps advance wide applicability to
education and research, ranging from visualization in interactive immersive 3D to basic
modeling of physics and chemistry and on-the-fly comparison of experimental and simulated
data. From this playground I further outline how these emerging technologies could couple in the
future to neural-network-based physics calculations, speech-based computer interaction, and
sockets for concurrent collaboration through the internet -all technologies that are today maturing
in web browsers- to deliver the next generation of tools for interactive, immersive, collaborative
molecular modeling that can streamline human thought and intent with the numerical processing
power of computers, at affordable costs. The prototypes and ideas introduced here further serve
as starting points to build active content that everybody can utilize online, allowing for the first
time actual mass testing of the power of immersive technologies for molecular modeling.
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Introduction
For a long time it has been suggested that immersive graphics technologies based in virtual

reality (VR) and augmented reality (AR), as well as other advanced forms of human-computer
interactions, have enormous potential in assisting thought processes in scientific research and in
education, especially in disciplines that deal with abstract objects, objects much smaller or larger
than human dimensions, objects that are hard to acquire and handle due to high costs, limited
availability, fragility, very large amounts of visual data, etc.!3 Chemistry and structural biology
are examples of such disciplines where AR and VR have been attributed high potential in
education and research.*'* However, actual reach, user acceptance and educational effects of
AR- and VR-based technologies still require deep evaluation 519, which has so far progressed
slowly due to the complex software setups and the specialized hardware needed for currently
available tools, which limit reach. As I intend to demonstrate here, client-side web technologies
have matured enough to open up immersive molecular modeling technologies to the world at
very affordable costs and with very simple setups.

This article begins by briefly reviewing the client-side web programming technologies
that enable, in ordinary web browsers running on standard devices (computers, tablets and
smartphones), developments of graphical interfaces for AR and VR, gesture- and speech-based
commands, in-place or third-party calculations for molecular mechanics and for comparison to
experimental observables, concurrent collaboration through the world wide web, and other
human-computer interaction technologies. In a second stage the article showcases prototype web
apps for specific tasks of practical utility in pedagogical settings and for actual research in
chemistry, biophysics and structural biology. Being based on fully open technologies that require
no installations and run on all modern browser-enabled devices, educators and researchers are
free to try out all these examples right away. Furthermore, being the source code intrinsically

open and modular, new applications can be easily created as exemplified.

Part 1: Survey of building blocks for immersive molecular modeling in

web browsers
Virtual and augmented reality

At the core of immersive experiences there is visualization based on virtual or augmented reality

methods (VR and AR). VR is the total replacement of the real world by a simulated environment,
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whereas AR is the superposition of virtual objects on top of the real world. While VR is probably
experienced best with VR goggles to suppress any side view of the real world, AR is not subject
to this problem so it is amenable to other kinds of less immersive devices like desktop or laptop
computers, tablets and smartphones (besides goggles, which are not incompatible) making it
better suited for commodity solutions. A standard computer equipped with a frontal webcam can
function as an “AR mirror” where the user sees him/herself with the virtual objects in the hands
(Figure 1A-C), while a device with a webcam on its back serves for look-through AR, and a
smartphone can be used for AR (or VR) by plugging it into cardboard goggles with proper eye
lenses (Figure 1D). Comparing the actual utility of AR and VR, tests of object manipulation by
human subjects showed significantly faster task completion time in AR over VR, possibly
because the user seeing his’/her own arms facilitates motion coordination.?

In web browsers, the WebGL API provides powerful 2D and 3D graphing capabilities
(using GPU resources) in a format fully integrable with other web standards, HTML elements,
APIs and JavaScript libraries, without the need of plug-ins and highly standardized across
browsers. A handful of JavaScript libraries exploit WebGL to facilitate scene rendering, Three.js
being probably the most widely used. In turn, tools like A-Frame provide entity component
system frameworks that wrap Three.js into HTML language tags for building AR and VR scenes
very easily. The examples presented here showcase either direct use of Three.js or Three.js
through A-Frame, in AR and VR although the focus is on AR. Depending on the goal of the
immersive web app, it can either (i) load pre-made models of the molecular systems (even
animations, which could be derived from molecular simulations, for example) in OBJ/MTL or
other formats (OBJ/MTL can be very easily exported from VMD, example in Figure 1C); or (ii)
use WebGL primitives (like spheres, cylinders, etc.) to draw the molecular systems from scratch
(Figure1 A,B,D and most other examples in this article).

Looking into the future, web browser developers are working on directly integrating
AR/VR as a native API, which should provide smoother and higher-resolution graphics; however

this is largely experimental at the moment.?°
Object detection and tracking

The other key component required for AR and VR is a means to detect and track objects or parts

of the user’s body such as his/her hands, in order to manipulate virtual objects. Applications

Peer] Comput. Sci. reviewing PDF | (CS-2019:03:36241:0:0:NEW 7 Apr 2019)



PeerJ

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

using ad hoc hardware use sensors and cameras that track the user’s position in space and hand-
held controllers, usually seen by the user as virtual tweezers, to directly move objects in space.
Such hardware is however expensive, especially for educational settings outside developed
countries. For commodity AR/VR in web browsers, solutions rely on computer vision through
the webcam, essentially tracking algorithms like ARToolKit’s JavaScript version, jsartoolkit,
among other similar solutions.?! This library essentially tracks user-defined 2D markers
(examples in Figure 2A and in S1 ready to print at different sizes) in space as long as they are
visible to the webcam, and make their computed coordinates available to the graphics
algorithms. One particularly interesting implementation is AR.js and its A-Frame wrap, which
enable highly simplified AR/VR, even using exclusively HTML code for simple developments.

It is interesting to note that in marker-based AR different viewers receive different
perspectives of the same marker and hence of the rendered virtual object, just as if it was a real
object in real space (Figure 2B). This easily enables multi-user AR/VR in a common room, as
would be useful in a classroom setting where students and teachers look at the same virtual
molecule.

An alternative to traditional marker-based AR should in principle be possible by using a
plain hand-tracking JavaScript library like Handtracking.js. Another slightly more expensive
approach but possibly better in tracking performance is using a device like the infrared-based
Leap Motion Controller, which includes a JavaScript library to feed positional information from
the device into the web app. Unfortunately, however, there are currently no ready-to-use libraries
that couple these input tools to WebGL graphics.

Current JavaScript libraries for computer vision allow even more complex object
tracking. One interesting example is gesture recognition by the WebGazer.js library, which
analyzes face features to estimate where on the screen the user is looking at?’. In molecular
visualization this can be used for example to automatically move regions of interest to the frontof

the visualization, as in the example in Figure 2C.

Speech-based interfaces
On top of gesture recognition, a speech-based interface can be highly useful for situations
in which the user’s hands are busy holding objects, as would happen very often in AR/VR

applications. Current in-browser speech recognition APIs enable this very easily, especially
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through libraries like Annyang ?* used in some of the examples of this article. These libraries
usually allow working in two modes, one where the browser waits for specific commands (most
accept variable inputs) and one where the browser collects large amounts of text that are then
made available to the environment. The former allows direct activation of functions without the
need for the user to click on the screen. The second option opens up the possibility of
automatically detecting subjects, actions and concepts that are fed to artificial intelligence, or just
predefined rules, that the computer will analyze in background. For example, when two users are
discussing the interaction surface between two proteins and mention certain residues, the
computer could “understand” this and automatically mine PubMed for mentions of said residue.
This seems far-fetched, but is essentially the same technology that underlies automatic
advertising and suggestions based on users’ various inputs and usage statistics in ordinary

devices, software and web portals.

Intensive calculations

As reviewed in a recent special issue of Computing and Science in Engineering **, JavaScript has
become a very powerful language through several avenues, including transcompilation from
C/C++ reaching near-native execution speeds, language subsets specialized for speed, optimized

just-in-time compilation, methods to program background scripts, and libraries to perform multi-

core and on-GPUs computing to accelerate intensive calculations. [[jiNCHGCUCIODCUNOININE

152 impact this power has had in scientific computing in the last decade, especally regarding the
153 development of tools for online analysis and visualization of data. 2 T st crabies

154
155
156
157
158
159
160
161
162
163

calculations that would not be possible with early JavaScript, which was interpreted and of slow
execution. Possible applications, some of which are exemplified in some of the prototypes
presented here, include simulating dynamics and experimental data, performing numerical data
analysis and even handling data in neural ~—-“—orks, etc. If achieved fast enough, these
possibilities enable applications where the usei _-.. real-time numerical response from the web
app as (s)he handles the molecular system. Several of the prototypes presented later on include
such examples.

Besides the specific calculations one might code ad hoc for certain problems, there are
several libraries that can be of use, saving large writing time and often being developed by

specialists. ~ While a large list is reviewed in»® and kept updated at
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https://lucianoabriata.altervista.org/jsinscience/, I mention here one particularly useful library

called Cannon.js. This JavaScript library simulates rigid body mechanics, and integrates
smoothly with Three.js and A-Frame, as in the example from Figure 1D where it is used to
simulate thermal motions. Although rigid-body physics might look limiting for molecular
modeling applications, they are often enough in settings requiring coarse-grain modeling like in
integrative modeling; in fact the Integrative Modeling Platform?’ contains one such kind of
engine for certain applications. Nevertheless lementation of more complex force fields is

certainly possible, as exemplified by a JavaScript transcompilation of the OpenMD engine.?®

Further building blocks

Any other technology that facilitates interaction with the computer within a 3D environment,
either to deliver or obtain information, might be of use. For example, haptic feedback would be
desirable to confer a physical feel of interactions and clashes. Achieving a good experience in
haptic feedback requires specialized devices, with possibly some less expensive alternative based
on commodity robotics. Other rudimentary ways to achieve sensory feedback is by exploiting
built-in vibration devices, which can be activated from JavaScript (as in the example in Figure
1D running in a smartphone), and touch-pressu nsing in touch screens which is also handled
by JavaScript APIs.

A particularly interesting aspect of software running on web browsers is the ease with
which different users can connect to each other, just over the internet. Web apps can exploit
browser communication sockets to achieve browser-to-browser links over which data can be
transmitted freely, with a server only intervenine to establish the initial connection. As an
example, I have authored a prototype in which or more users can concurrently work on a
JSmol session; essentially a chief user can apply rotations and commands on all other users’
screens with a few ms of delay (because only instructions are transmitted, not graphics).?’ Such
technology could be adapted to complex immersive environments to allow multiple users to
work on the same problem at a distance, essential for collaboration, demonstrations, and online

teaching3?.

Part 2: Prototype web apps showcasing sample applications
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This section presents example web apps compatible with major web browsers in modern
smartphones, tablets and computers, introducing features of increasing complexity. All examples
are accessible through links in the Figure captions and at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/. To run these AR/VR web apps

the user needs to print the Hiro and Kanji markers at the same scale (Figure 2A and S1). For
simpler handling, the markers may be glued on a flat surface mounted on a device that can be
easily rotated from the back, such as a small shaft perpendicular to the marker plane. Some
examples (like that in Figure 1B) require printing and folding of a cube marker, available for

download at the indicated URL.

Introducing web browser-based AR/VR

The simplest software setup for AR consists in using A-Frame to either (i) display a
representation exported from VMD in OBJ/MTL format on a marker (example in Figure 1C); or
(i1) display WebGL spheres at coordinates computed from atomic positions and colored by atom
type (similar to the example in Figure 1A). Since only A-Frame is used in such examples, only
HTML tags are needed, which the user can inspect in the source code of the pages listed in the
caption to Figure 1 (or in the HTML section of the code shown in Figure S2).

Apps using A-Frame can gain interactivity through portions of JavaScript code that read
atom coordinates and carry out calculations on them. In the example shown in Figure 1A the user
drives a lysine side chain with the Hiro marker and a glutamate side chain with the Kanji marker.
Each molecule is anchored to the center of its corresponding AR marker through its CA atom.
Their protonation states correspond to neutral pH, so lysine is protonated hence its N atom (blue)
is charged by +1, whereas glutamate is deprotonated hence its O atoms (red) bear a total charge
of -1. Through simple JavaScript code the web app (i) adapts the positions of 10 yellow spheres
that connect in space the lysine’s N atom with one of the glutamate’s O atoms; (ii) report the
distance between these 2 atoms and the corresponding attractive electrostatic force in real time;
and (iii) test and display clashes between any pair of atoms of the two molecules. The code for
(1) is wrapped inside an auxiliary .js file, and the code for (ii) and (iii) is located between
<script> tags at the end of the HTML file. The distance, electrostatic and clash calculations are
computed inside a setInterval() function that is executed every 200 ms and uses the id identifiers

of the sphere tags to locate them (see code in Figure S2). The distance is calculated in Angstrom
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225 and includes a correction for a zoom factor that scales atom sizes and positions when the
226 molecular coordinates are parsed into A-Frame HTML, to properly fit the screen. Clashes are
227 detected as two spheres being within 3 A and displayed as semitransparent A-Frame spheres

228 centered on the affected atoms.

229 The latter example can be slightly modified to better fit in smartphone screens for
230  visualization with commodity goggles (Figure 1D) by flipping the video horizontally and
231 splitting the view in 2 images slightly differently oriented to render a 3D experience (which is
232 handIcaNby N theVARFrameNibraryitseIf] The cxample adapted for smartphones further features

233 vibration each time a clash is detected.

234 All the above examples use a single AR marker per molecule, which is easy to setup but

235 is limited to orientations where the marker is visible. [WitliulGpIENcoUpICANmarkersINocH

240

241  Adding interactivity: examples on small molecules

242  An interesting modification of the example using lysine and glutamate side chains is
243 incorporating a very simplistic emulation of hydrogen bond detection and proton transfer. Here,
244  JavaScript code calculates and displays hydrogen bonds when the geometry permits, and
245 randomly “transfers” one proton from lysine’s N atom to one of the O atoms of glutamate if the
246 lysine is protonated, or the other way around (actually spheres attached to each marker are
247 hidden or shown as needed to emulate proton transfer). Protons “jump” only when they are
248 within 2 A of the receiving N or O atom; and they are set to jump back and forth to reflect 70%
249 time-averaged population of protonated lysine and 30% of protonated glutamate, to convey the
250 feeling of different acidic constants (in this case set to 70/30 = 2.33 favoring protonated lysine).
251 At distances longer than 2 A but shorter than 3 A the web app displays a yellow dotted line that
252 represents a hydrogen bond between the potential receiver heavy atom and the involved proton.
253 Similar emulation strategies could be easily used to build “interactive animations” for
254  exploring chemical and physical phenomena, for example reactivity in Figure 3A which

255 illustrates stereoselectivity in the Diels-Alder reaction in interactive 3D. This reaction occurs
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256 between a dienophile and a conjugated diene in a concerted fashion, such that the side of the
257  diene where the initial approach occurs defines the stereochemistry of the product. The web app
258 in this example allows users to visualize this in 3D as they approach a molecule of 1,3-
259 cyclohexadiene held with the left hand (Hiro marker) and a molecule of vinyl chloride in the

260 right hand (Kanji marker). As the two pairs of reacting C atoms approach simultaneously, the

261 two new bonds gain opacity until the product is formed FIiSiproducHiformedinthisireactionisiby
262 itself an interesting molecule to visualize and move around in 3D through AR, because it
263 contains two fused six-membered rings which are often hard to understand in 2D.

264 Looking into the near future, there is a very important point regarding the idea of
265 emulating reactivity as in the proton transfer and Diels-Alder reaction examples. These examples
266 are merely pictorial visualizations of the mechanisms, and they are not based on any kind of
267 quantum calculations. Such calculations are extremely slow to be incorporated into immersive
268 experiences where energies need to be computed on the fly. However, novel machine learning
269 methods that approximate quantum calculations through orders-of-magnitude faster
270 computations (like in 3!-3%) could in a near future be coupled to AR/VR systems to interactively
271  explore reactivity with realistic energy profiles in real time. Such tools would be useful not only
272  for education but also for actual research, for example to interactively test the effect of chemical
273 substituents on a reaction, estimate effects on spectroscopic observables, probe effects of

274  structural changes on molecular orbitals, etc.

275 Another interesting tool to integrate with AR/VR is a physics engine, to add realistic
R276NNcchanics o theNSimulationl The web app in Figure 1B uses Cannon.js to simulate thermal

277 motions and thus give a sense of dynamics to the visualized system. And as presented in the first
278 section, it is possible to adapt more complex force fields better suited for molecular interactions
279 into JavaScript versions.?

280 Possible applications go well beyond emulating reactivity and dynamics, being especially
281 interesting the possibility of using JavaScript to carry out on-the-fly calculations of experimental
282 observables that can be compared in real time to a piece of actual experimental data, or simply to
283 explore possible outcomes of an experiment. Figure 3B exemplifies this with the calculation of
284 paramagnetically induced pseudocontact chemical shift and line broadening on a probe atom
285 attached to one AR marker, as it is moved around the heme group of metmyoglobin with the

286 other AR marker. This web app implements standard equations from the theory of paramagnetic
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287 nuclear magnetic resonance®* fed on-the-fly with the corresponding polar coordinates, then

288 simulates the spectrum including noise and displays it using the Google Charts JavaScript

289 library. More examples with realistic applications of client-side calculations in molecular

291

292 Immersive visualization and modeling of biological macromolecules

203 Figure 1C exemplified a VMD session directly imported into AR js-A-Frame, for a very simple
294N VistaliZation<only AR Experienee i weblb i Figure 4A does the same on a VMD scene

295 reproducing the work of Berry and Board® but achievable with a web browser i.e. requiring no
296 program, plug-ins nor driver installation, and accessible just on a web page. Besides using

297 premade VMD scenes,

“igure 4B) which readily shows
299 the functionally relevant amphipathic nature of these protein motifs. Moreover, with the web app
300 depicted in Figure 1B one can load any file from the Protein Data Bank (although currently only
301 small proteins are well supported) to look at its contents in AR, and even emulate thermal
302 motions and protein unfolding at high temperatures through Cannon.js.

303

306 The example in Figure 5A allows driving in space two molecules that are known to form
307 a complex in solution, specifically ubiquitin (red trace) and a ubiquitin-interacting motif (UIM,
308 blue trace) taken from PDB ID 2D3G?. The web app simulates on-the-fly the small-angle X-ray
309 scattering (SAXS) profiles expected from the relative arrangement of the two proteins,
310 overlaying simulated profiles over an experimental profile in real time as the user moves the

311 proteins around. This offers a way to interactively test possible docking poses that are

312  compatible with the experimental data. Although this  jurse could never be better than the
314 useful (i) for preliminary analysis of SAXS data before starting complex calculations and (i) to

151 diciously analyZen e Fesulis o Sueh aleulaions. [In this example the SAXS profile

316 calculation is based on the Debye formula iterated through pairs of residues instead of iterating

317  through all atoms as the full equation requires, for simplicity and speed; however, realistic SAXS
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profiles of actual utility can be achieved with similar strategies and proper parameterization of
the scattering centers®’]. This web app further includes a rudimentary residue-grained force field
to detect clashes, and a predefined binding coordinate which upon activation brings the two
molecules together. Activation of SAXS simulation, clash-detecting force field and binding
coordinate are controlled by voice commands, required because the user’s hands are busy
handing the markers. This proceeds through the browser’s speech recognition API and does not
consume much resources because speech recognition occurs in the cloud. The possibility of
incorporating all these different elements (AR, 3D visualization, calculations and speech
recognition) illustrates the superb integration capacity of libraries for client-side scripting in web
browsers.”> As a last note regarding this example, I highlig »w the modularity and simplicity
of client-side web programming allows easy adaptation to other kinds of experimental data, as in
the example on residue-specific =~ paramagnetic  relaxation  enhancements  at

https://rrasia.altervista.org/HYL1 1-2/Hyll 12 minima.html

Another example, presented in Figure 5B, shows how AR can help to explore residue-
residue contact data. This information essentially points at pairs of residues that are in contact,®
either inside folded proteins 3° or, more relevant to this example, in protein-protein complexes*'.
The example shows contacts predicted from coevolution analysis of large sequence alignments
for the pair of proteins in chains A and B of PDB entry 1QOP, taken from the Gramlin server*’ at
http://gremlin.bakerlab.org/cplx.php?uni_a=1Q0P_A&uni_b=1QOP_B. Each protein is driven

by one marker, and the predicted contacts are overlaid as dotted lines connecting the intervening
pairs of residues. These lines are colored green, olive and red according to decreasing
coevolution score as in the Gremlin website, and their widths reflect in real time the distance
between pairs of residues, supposed to be minimal when contacts are satisfied. Such kind of tool
could allow interactive inspection of residue-residue contact data to actively detect false
positives through human intervention, to be removed before running restraint-guided docking.
The last prototype application shows rudimentary handling of highly disordered protein
regions, here to test how a linker made of 6 glycine residues restricts the possible orientations of
two well folded domains (Figure 6). Molecular motions “dynamics” or “flexibility”, are
essential for protein function and regulation, as well as for assembling complexes from their
constituents. Broadly speaking, molecular motions range from restricted, coordinated structural

changes in ordered domains, to extended dynamics in highly flexible regions. Accounting for
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349 dynamics in faithful detail across such vast range of time and size scales constitutes an active
350 goal of research, and requires complex force fields and molecular dynamics engines. As
351 commented earlier, it is feasible to code complex simulation methods in JavaScript achieving
352 near-native performance.”® However, the example shown here considers only the dynamics of
353 very flexible linkers within the very coarse approximation that beads describing amino acids
354 behave as rigid spheres connected by fixed distances. Despite very simplistic, such rigid-body-
355 like descriptions are often sufficient for describing several aspects of biological matter.?’
356 Anyway, as always with computer-based meth or simulations, the conclusions obtained from
357 a given model must be consistent with its detail.

358 More specifically, the example in Figure 6 handles flexibility with Cannon.js, presented
359 earlier for the example in Figure 1B but here wrapped into HTML through the A-Frame-physics
360 extension. Each globular domain (corresponding to ubiquitin or the interacting helix) is modelled
361 with 2 to 4 rigid beads per residue, i.e. a description similar to that of the MARTINI force field*!,
362 while the flexible linker is modelled as backbone beads only (similar to the MARTINI
363 description for glycine). As the user moves the two domains around, one attached to each AR
364 marker, the web app updates the positions of the residues of the flexible linker based on the
365 Cannon.js force field. This very simple model can help to answer questions related to the
366 separation of the anchor points and the maximal extension of the linker when straight: How far
367 can the two proteins go with the given linker containing 6 residues? Can the interacting partner
368 be docked through certain interfaces yet allow for a relaxed configuration of the linker? Such
369 investigations are in turn assisted by on-the-fly estimation of entropy associated to given
370 extensions of the linkers, calculated here from a worm-like model,*? and by the strain on the
371 linkers which essentially tracks how much the consecutive glycines are stretched when the user
372  pulls them apart beyond their equilibrium distance.

373
374 Discussion and Outlook

375 Achieving smooth and useful immersive chemistry is one of the key “grand challenges” for the
377 interactive computer interfaces can help to more casily grasp and explore coneepts. Afler around

378 two decades of works slowly introducing AR ar~ 'R for chemistry and structural biology, the

379 last two years saw four very inspiring pieces of __.__ ature showing the real potential of modern,
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380 multiuser AR/VR in immersive molecular modeling and visualization.

387 Although the hardware required by current solutions for AR/VR (i.e. VR helmets/goggles

» it is still not what
389 one could consider inexpensive and  ly available across the world, especially for educational
890" settings and outside developed countries: A few notable exceptions that achieve AR through

391 webcams i.e. commodity hardware still require nonetheless somewhat complex software

388 with 3D handheld input devices) is much more accessible than a decade ago

8981 VAVaSHipt ode g o SndaFAIWEb bS] There is no need for plugins and thus no

394 installations, no manual updates, and no costs .....ciated to these web apps. In fact, the reader
395 could right now print the AR markers from Figure 2A or Figure S1, access the webpages
396 indicated in the figure captions, and test the examples right away.

397 The examples introduced here hence advance a potential for open, inexpensive, web-

398 based AR and VR technologies

401 information such as forces, charges, electron clouds and orbitals, data facts, etc. In rescarch, such

402 tools could help to visualize and probe molecular structure, simulate expected outcomes of
403 experiments and test models and simulated data against experimental data, etc., everything
404 through intuitive cues and fluent human-computer interactions.

405 Being these web apps so openly accessible, the next step is to develop content that
406 teachers, students and researchers can put into use, to enable proper large-scale evaluations of the
407 actual impact in learning and thinking processes. If successful, the near future will likely see
408 these tools blended with modern molecular simulations and visualization methods, resulting in
409 fully-fledged programs for deep immersive, interactive molecular modeling experiences that

410 overcome the limitations of traditional software based on screen, mouse and keyboard.
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Furthermore, happening all inside web browsers will seamlessly enable online concurrent
collaboration among multiple peers as well as between students and teachers. Further adding
haptic devices for force feedback, speech-based voice commands, numerical simulations and
intelligent data and text mining —most of these technologies already built into web browsers, as
presented- will bring research and education to the next level where human thought and intent

couple with computer power to get the best out of both worlds.
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Figure 1

Different implementations of WebGL for AR/VR in web browsers

(A) A lysine and a glutamate side chains attached to different AR markers, whose coordinates
are processed in real time to deliver distance and electrostatic potential between charged
groups and to calculate and display clashes. Graphics based in A-Frame with WebGL
primitives. Accessible at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/smallmolclashdetection.html .

(B) Use of a cube marker (made up of 6 different AR markers in its faces) to load any
molecule in PDB format and handle and visualize it in 3D. Graphics based in Three.js with
WebGL primitives. Accessible at

https://lucianoabriata.altervista.org/jsinscience/arjs/jsartoolkit5/pdbloader5.html or with

Cannon.js-based rigid body dynamics at

https://lucianoabriata.altervista.org/jsinscience/arjs/jsartoolkit5/pdbloader6.html . (C) An

object exported from VMD with the OBJ/MTL renderer and loaded onto a marker using pure A-
Frame code. The green molecule is a double-stranded segment of DNA, bound to a
homeodomain shown as pink cartoons (PDB ID 1FJL). Example accessible at

http://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/obj-1fjl.html . (D) Example

setup for VR using a cardboard goggle into which the smartphone is inserted (then adjusted
to the head with straps, not shown). The example is uses only A-Frame for visualization,
extended with JavaScript to detect and show clashes and to make the phone vibrate upon
contact. Example accessible at

http://lucianoabriata.altervista.org/jsinscience/arjs/aris-phones.html .
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Figure 2

Tracking the real world with JavaScript libraries

(A) Kanji (left) and Hiro (right) markers that are built-in into AR.js (more sizes available in
Figure S1). (B) Marker-based AR/VR facilitates concurrent view by multiple users. (C)
WebGazer.js put to work to control JSmol, so that whatever region of the protein the user
looks at comes to the front. | acknowledge Angel Herraez for help integrating both libraries.

Example accessible at

https://lucianoabriata.altervista.org/jsinscience/ismolwebgazer/ismolwebgazer.html .

View from left of AR marker
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Figure 3

Interactivity in small molecules

(A) The product of a visual emulation of a Diels-Alder reaction, after the user moved the
reagents close enough in space; this example further helps to visualize fused rings (as the
diene reagent was a ring itself, leading to a double ring after reaction). Accessible at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/smallmoldielsalder.html . (B)

As a probe atom (black sphere) is moved around a paramagnetic center, the user sees the
paramagnetic effects simulated at the location of the probe atom in real time. Accessible at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/metmyoglobinfe3pcshift.html
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Figure 4

Visualization of biological macromolecules

(A) VMD-derived representation of PDB entry 1VYQ; this is essentially the same example

shown by Berry and Board (Biochem. Mol. Biol. Educ. 2014) but in a version that runs in web

browsers with no installs and no plugins. Example accessible at

Representation of an amphipathic alpha helix built with WebGL primitives, accessible at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/ubiguitinandNESatomistic.ht

ml
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Figure 5

Interactive applications on biological macromolecules

Ubiquitin (red trace) and ubiquitin-interacting motif (blue) driven in 3D with two AR markers,
as the web app computes the predicted SAXS profile and displays it overlaid on top of an
experimental (simulated with noise) profile, together with a metric of the fit quality. This
example can be tested at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/ubiquitinuimffvoicesaxs.html .

(B) Interactive exploration of contacts predicted between two proteins (here from coevolution
data) before (top) and after (bottom) manual docking. This example is 1QOP from
Ovchinnikov et al, where contacts predicted with high score are colored green, contacts of
intermediate confidence are olive, and the first contact of low probability is shown red (as
taken from the original data). The thickness of the contact lines indicates distance, such that
thin lines indicate the residues are close in space. Notice how the red contact, which has low
probability, remains thicker than the well-scored contacts (green) upon manual docking. This
example can be tested at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/coevol_1gop.html .

Peer] Comput. Sci. reviewing PDF | (CS-2019:03:36241:0:0:NEW 7 Apr 2019)



PeerJ Computer Science Manuscript to be reviewed

A

Peer] Comput. Sci. reviewing PDF | (CS-2019:03:36241:0:0:NEW 7 Apr 2019)



PeerJ

Figure 6

Dynamics of highly disordered segments modeled with rigid-body mechanics

Ubiquitin and ubiquitin-interacting motif modelled as 2-4 beads per residue, colored by
physicochemical properties (grey=hydrophobic, red=negative, blue=positive, green=polar
uncharged; backbone beads in black). The domains are driven independently in 3D with two
AR markers. They are connected through a flexible linker of six backbone-sized beads
(orange) whose dynamics are treated with the Cannon.js rigid-body force field. The web app
reports in real time the distance between the centers of both domains, the entropy of the
linker based on a worm-like chain model, and the linker strain computed from deviations of
distances between consecutive linker beads from an equilibrium distance. (A) The two
domains extended as much as possible while keeping the linker relaxed (although
entropically unfavoured) illustrates the maximum possible separation with the given linker is
of around 40 A. (B) The binding pose between the 2 domains is geometrically feasible as it
keeps the the linker relaxed. (C) This other binding pose is unachievable with a linker of this
length. This example web app is available at

https://lucianoabriata.altervista.org/jsinscience/arjs/armodeling/ubiquitin-uim-cannon.html .
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