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Figure 1: Mesoscope Web Interface

Abstract
Interest is growing for 3D models of the biological mesoscale, the intermediate scale between the nanometer scale of molecular
structure and micrometer scale of cellular biology. However, it is currently difficult to gather, curate and integrate all the data
required to define such models. To address this challenge we developed Mesoscope (mesoscope.scripps.edu/beta),
a web-based data integration and curation tool. Mesoscope allows users to begin with a listing of molecules (such as data
from proteomics), and to use resources at UniProt and the PDB to identify, prepare and validate appropriate structures and
representations for each molecule, ultimately producing a portable output file used by CellPACK and other modeling tools for
generation of 3D models of the biological mesoscale. The availability of this tool has proven essential in several exploratory
applications, given the high complexity of mesoscale models and the heterogeneity of the available data sources.

CCS Concepts
• Applied computing → Bioinformatics; • Computing methodologies → Graphics systems and interfaces;
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1. Introduction

Structural modeling of entire cells is a grand challenge actively
being addressed by the structural biology community. Given the
magnitude and complexity of this challenge, it is essential to
take an integrative approach, bringing together data from multi-
ple experimental modalities that address multiple levels of tem-
poral and spatial scale. Already, this approach has generated de-
tailed atomic models of synaptic vesicles [THS∗06] and a synap-
tic bouton [WMT∗14], HIV in its physiological context [JGA∗14],
and bacterial cells [GAO18, HLE17]. These efforts are the first
steps towards a comprehensive understanding of living systems at
the cellular mesoscale, which spans from the atomic level to the
cellular level. In many respects, the overarching goal of biologi-
cal research is to explore and understand all steps from genotype
to phenotype, and use this knowledge to identify key bottlenecks
to target with medically-relevant interventions. This is the grand
challenge of mesoscale modeling: to fill in all of the gray areas
in our understanding spanning molecular biology to cell biology,
such that we can then apply this knowledge to health and wel-
fare [AM18, SMW∗18, FS19].

Integrative mesoscale structural biology poses several challenges
that are testing the current limits of technology and understanding.
The intrinsic complexity of mesoscale biology poses the first ma-
jor challenge. Mesoscale environments are highly crowded, often
with 20-30% of the space filled with macromolecular components
[Ful82], and these components are highly heterogeneous in size
and shape, with functional modes of flexibility and highly specific
modes of interaction. The complexity of mesoscale systems also
strains the limits of current hardware and software, and modalities
of archiving, dissemination and reproducibility. Mesoscale models
pose exciting new challenges for conceptualization and analysis,
and current tools for modeling, simulation and visualization, which
have typically been designed for use on individual macromolecu-
lar structures or image/volume-based cellular data, often fail when
dealing with systems of this size and complexity.

The heterogeneity of biological data poses an orthogonal chal-
lenge to this biological complexity. This data is heterogeneous
in both the intrinsic form of the data and the ways that it is
disseminated. Many sources of data are available, often inde-
pendent and with their own API, formats, and data standards.
For example, structural and sequence data is becoming increas-
ingly interconnected through mature global resources such as the
PDB (www.wwpdb.org) and UniProt (www.uniprot.org),
but proteomics and interactomics data are still scattered across mul-
tiple databases. Effective progress in mesoscale modeling will nec-
essarily require effective methods for gathering, curating and inte-
grating these heterogeneous sources of information.

Mesoscope (mesoscope.scripps.edu/beta) addresses
the challenge of data gathering and integration (figure 1). It is
a web-based tool that allows users to build and rapidly curate a
database of molecules, and define their concentration, location,
and local interactions within the mesoscale environment. It pro-
duces a json recipe file for convenient use in methods for gener-
ating mesoscale models, such as CellPACK [JAAA∗15] and Cell-
PAINT [GAB∗18].

2. Mesoscope Overview

We chose a web approach for the development of the interface as
it offers the fastest development release cycle, is free of installa-
tion hurdles, and is platform independent. The whole platform uses
vanilla javascript and is hosted on a virtual machine at our insti-
tutes. The javascript ecosystem offers a large and diverse range of
tools, so most of the features described below leverage third party
javascript libraries. While relying on third party service gives a lot
of flexibility and permits dynamic development, we lose some con-
trol and durability. To minimize potential problems, we use frozen
copies of each library to avoid broken links and broken libraries.

A typical project performed within Mesoscope involves several
tasks. It begins with an overall list of components, or ingredients,
often taken from a proteomics study. Preliminary assignments for
atomic structures may also be associated with list, as well as lo-
cations and concentrations, which may be input with this list of
components. Then the user interactively curates the list and associ-
ated structures, validating that each structure is appropriate and that
locations and concentrations are reasonable. During this process,
various third-party tools allow the user to search existing database
resources to obtain any information that is missing or replace infor-
mation that is faulty. After the list is curated, Mesoscope processes
the structural, location and concentration data to create a recipe that
includes representations at multiple levels of details of the struc-
tures, orientation information for membrane-bound proteins, con-
nectivity information for fibers, and a host of other metadata that
is needed for model generation. Mesoscope also allows interactive
visualization and curation of this process, to correct cases where
problems occur. Finally, the recipe is output, which includes a de-
tailed list of protein and macromolecule structures, their molarity
or copy number and their localisation in a given compartment. The
recipe may then be used in modeling and visualization software
such as CellPACK to create 3D instances of models that are consis-
tent with the information in the recipe.

Figure 1 shows an overview of the default layout of Mesoscope
being used to curate information for a model of an entire bacte-
rial cell. The recipe of soluble, membrane-bound, and extracellular
molecules is represented schematically at upper left in the Recipe
View and in a detailed spreadsheet at lower right, the Recipe Ta-
ble. At center, the Structure View, based on NGL [RH15], is used
to display atomic structures of any selected molecule. The Struc-
ture View is tighly connected to the Sequence View which offers a
variety of curation tools center on sequence annotation.

2.1. Dynamic Layout and User Interaction

Mesoscope presents the user with a collection of sub-windows that
perform various tasks, including: windows that access the overall
recipe, windows that visualize different aspects of the components,
and windows that allow access to external databases and informa-
tion for curation and incorporation of missing information.

These sub-windows can be dragged around, allowing users to
customize their layout depending on the task. This dynamic layout
is facilitated through the use of the goldenLayout library (www.
golden-layout.com). Most Mesoscope tasks are performed
interactively within this dynamic layout, but power users can use
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the console to do scripting and advanced manipulation not available
in the interface.

2.2. Recipe Setup and Visualisation

Recipes for current mesoscale models, such as the vesicles and
small bacterial cells described below, typically have hundreds of
components arrayed in one or more compartments. One main goal
of Mesoscope is to allow nimble navigation through these com-
ponents, to facilitate effective curation and validation. The cur-
rent version of Mesoscope provides two mechanisms for navigation
through the recipe: a graphical interface that gives a visual abstract
of the entire recipe, and a table interface that contains a compre-
hensive list of information associated with each component.

2.2.1. Recipe View

We designed a visual abstraction of the recipe based on the D3 li-
brary, with three main features: tree structure (hierachical node-link
structure), circle packing and force-based constraints (d3js.org)
shared in two different modes: view and edit mode. The tree struc-
ture encodes the topological nesting of compartments, which are
visualized as circular fields in the interface (see figure 2). The D3
circle packing is used for the intitial placement of all the circles
upon loading. Individual biomolecular ingredients are represented
as smaller circles that are constrained to lie within the appropri-
ate compartment circle. Force-based constraints associated with the
circles ensure that there are no overlaps, and that biomolecular
ingredients stay in their compartment, producing an interpretable
graph as the user makes changes. In addition, the Recipe View pro-
vides user-customization options to rename an ingredient or a com-
partment, as well as changing the size of the circle, the labeling
scheme, and the coloring scheme, providing different visual feed-
back on the recipe (for example, changing radius or color accord-
ing different properties). By default, the recipe’s canvas is in view
mode that lets users select and move ingredients while remaining in
their defined compartment parent. Upon activating the edit mode,
users can create/edit compartments and ingredients. These circles
can be manipulated interactively to change their localization, creat-
ing concentric compartments or dragging ingredients into or out of
compartments, or embedding them into membranes enclosing com-
partments. Molecular interactions are also represented and can be
added, however, a general approach for defining such interactions
will be an active topic for future work (as discussed below).

2.2.2. Recipe Table

Mesoscope also includes a detailed spreadsheet-like presentation of
the recipe with the list of ingredients and a summary of the impor-
tant information associated with each ingredient. The Recipe Ta-
ble relies on the SlickGrid library (slickgrid.net), which of-
fers features similar to a spreadsheet editor (cell edition, grouping,
sorting, etc.)(see figure 3). Upon selection of individual entries in
the Recipe View or the Recipe Table, the ingredient is highlighted
in both views and all other windows are updated accordingly. The
Recipe Table also includes basic options for searching the PDB and
UniProt archives, placing results of the search in separate tabs on
the Table.

Figure 2: Recipe View
Recipe View with three options for labeling and coloring nodes: by
name, PDB accession code, and with annotation information. This
recipe includes components for exosomes, with hand-drawn sprites
by intern Julia Jimenez. The red triangle indicates a component
that requires curation, and icons may be dragged interactively be-
tween the inner, membrane, and exterior compartments.

Figure 3: Recipe Table
Detailed specifications for each molecule in the recipe is included
in an editable spreadsheet, to allow curation of the data that will be
exported for model building. Updates are immediately propagated
to other Mesoscope components.

2.2.3. Inputting Recipes

For simple systems, users start from an empty canvas with the
Recipe View in edit mode and interactively add compartments and
ingredients, dragging compartments and ingredients from place to
place to build the appropriate topology. This manual approach is
ideal for small systems but becomes difficult for larger systems
consisting of hundreds of ingredients. In these cases, the user in-
puts a simple comma-separated-value (csv) file or Excel spread-
sheet. Upon loading a spreadsheet a modal interface appears that
allows the user to define the mapping between their column infor-
mation and the information required by Mesoscope. At a minimum,
this information will include a name, concentration, membrane lo-
calisation (if relevant) and compartment parent for each ingredient.
This information will populate the tree structure that is shared by
the Recipe View and the Recipe Table.
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2.3. Structure View

The atomic structure of each ingredient, if any, is specified using
either a four character PDB code or a custom filename. In the cus-
tom filename case, the user needs to upload a data folder where
Mesoscope will find the given file. The PDB code or the file is
then loaded and represented using the NGL viewer [RH15]. NGL
is a fully-fledged molecular viewer for the web, with easy access
to all of the familiar molecular graphics representations, selection
schemes, and rendering modes. Several specialized representations
available in NGL are used during curation of structures, including
display of a reduced sphere representations of the structures (e.g.
coarse-grain bead which is used for multi-resolution representa-
tion and visualization of molecules and assemblies) and display of
schematic representations of membrane orientation and boundaries
(see figure 4).

2.4. Sequence View

If the ingredient is a PDB entry, several resources from
the PDB Component Library (www.ebi.ac.uk/pdbe/
pdb-component-library) are used to visualise the sequence
features and the topology. If a UniProt id is specified then the full
sequence feature is visualised with ProtVista [WGPM17], and the
full UniProt-to-PDB mapping [DGT∗18] can be used to highlight
region in NGL. The Sequence Features, ProtVista, and Topology
tabs provide third-party information on the structure being dis-
played in NGL, to assist with curation tasks. Furthermore, these
windows are synchronized directly with the structure visualized in
the NGL view. This is especially useful for membrane proteins,
allowing the user to highlight the transmembrane region on the 3D
structure based on information from UniProt (see figure 4).

2.5. Assignment and Curation of Component Properties

The major impetus for the development of Mesoscope was the
difficulty in assigning and curating all of the properties that are
needed during model generation. Biomolecules are highly diverse,
and there are numerous exceptions and oddities that need to be
addressed when sorting through a list of ingredients. Mesoscope
is designed to assign these properties automatically using a set of
widely-accepted defaults, and then allow rapid manual curation and
update to correct any errors in this automated assignment.

The NGL viewer window (see figure 4) provides much of the
functionality for this process. NGL option windows allow users to
specify advanced information for the selected proteins, including:

• Selection of an appropriate biological unit from the information
included in the coordinate file, including generation of symmetry
mates, chain selection, choice of model number, etc.
• Building a representative mesh geometry that is used for render-

ing and collision in cellPACK [JAAA∗15].
• Building a coarse-grain bead representation for use in packing

and simulation. The user provides the number of desired beads,
and Mesoscope will do a K-means clustering on the atomic struc-
ture and automatically assigne the bead radius or used a user
provide unique radius.
• Rendering a sprite illustration of the ingredient with the current

Figure 4: NGL Molecular Viewer
NGL is used to display and manipulate atomic structures of compo-
nents. Most standard NGL visual representations are supported. A
membrane-bound protein is shown here, showing the location of the
membrane-spanning portion, which may be tuned using interactive
sliders. NGL viewport is synchronized with sequence information
from the Sequence features and the ProtVista widget. The mouse
click and over position on the sequence displays the correspond-
ing 3D residues (purple and yellow ball and stick) helping refining
membrane orientation.

camera orientation using a screenshot of the NGL viewport or
using our Illustrate cgi-server [GAO19]. By default the sprite is
taken directly from the RCSB PDB (www.rcsb.org).
• If the protein is a membrane protein, Mesoscope will check if it’s

present in the “Orientations of Proteins in Membranes” (OPM)
server [LPJ∗12]. The user can also manually set the orientation
and portion buried in the membrane, using an axis and an offset.
• If the protein is defined as a fiber, a repetition of one structural

unit is input and the user can specify the main axis along which
the unit is repeated.

Several other windows manage additional information. The Ob-
ject Properties window will let the user have a summary of all the
information related to the selected ingredient. The user can also
define here the type of compartment (sphere, primitive, mesh).

2.6. Under development

Working on a web paltform is highly dynamic and flexible, also
several features are currently under development, and are included
as placeholders or minimally-functional methods in the beta ver-
sion. These include an interaction table as part of the Recipe Ta-
ble, which will be expanded with more comprehensive representa-
tions of interactions between ingredients (figure 5(a)), and a pre-
view window, which will act as a mesoscle model viewer. Model
will be generate in the fly from a recipe or loaded from more so-
phisticated modeling methods (figure 5(b)).

2.7. Export

All the widgets are windows that are opened on the same underly-
ing data represented in the tree structure. This ensures that all win-
dows are synchronized, and, for example, changing the name of
a circle in the Recipe View will change the underlying node name
and query an update of Recipe Table View. Similarly, changes in the
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(a) Interaction

(b) Preview

Figure 5: Mesoscope Features Currently Under Development
a) Interaction - A prototype capability to define specific interac-
tions between molecules is implemented by connecting icons in the
Recipe View, and providing a structure of the complex of the two
ingredients. b) Preview - A prototype tool to preview interactive in-
stances of the model showing the number of each ingredient in the
current state of the recipe.

Object properties such as the compartment type or ingredient type
will be reflected in the Recipe Table and vice versa. In this way, cu-
ration may be performed in any of the Views, the information will
be updated throughout Mesoscope, and the user can use the Recipe
View (coloring nodes by viewed state) to highlight molecules that
have not yet been curated.

Finally, when fully curated, users export the table in formats ap-
propriate for different modeling applications:

• Reduced csv format includes basic information but omits infor-
mation such as mesh geometry or bead coordinates.
• CellPACK recipe includes mesh geometry and bead representa-

tions, for use in our original CellPACK software [JAAA∗15],
and a sprite/image for each ingredient if used in CellPAINT
[GAB∗18].
• CellPACK-gpu recipe supports the combined model-building

and visualization engine cellPACK-gpu [KAK∗18], based on a

(a) Recipe

(b) CellVIEW

Figure 6: HIV in Blood Plasma
a) The recipe includes two concentric bounding elements, the inner
capsid and the outer envelope membrane, and soluble/fibrous com-
ponents inside the capsid, in the viral lumen, and outside the viral
envelope. The membrane location of the viral matrix protein (high-
lighted in yellow in the recipe view) is being curated in the NGL
window. (b) CellVIEW visualization of a cross-section through the
HIV final model, using context-specific labeling methods to identify
the major features of the current view.

parallel instant distribution method. This recipe doesn’t require
a mesh geometry or bead coordinates, but curation of a bead rep-
resentation is recommended if simulation studies will follow the
modeling.
• Color palettes or concentration/copy number palettes may also

be exported, to allow users to have one recipe with different con-
ditions and colors.

3. Applications

The development of Mesoscope has been driven by challenges
we have faced in several collaborative applications. These include
modeling an HIV virion surrounded by blood plasma as part of
a multidisciplinary research center, building a structural models of
insulin secretory vesicles that reconcile experimental data from soft
x-ray tomography, and generating bacterial models from systems
biology data. These biological drivers prompted the generation,
evaluation and addition of new features in the context of model-
ing by biomolecular researchers.

The initial development of CellPACK was performed using a
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small but deceptively tricky system: an HIV virion surrounded
by blood plasma [JGA∗14], in collaboration with researchers at
the HIVE Center (hive.scripps.edu). Manual generation and
curation of this system underscored the need for a tool like Meso-
scope, and has provided an excellent use-case throughout devel-
opment. A few of the challenges implicit in this model include:
the need to define a compartment bounded by a membrane and
also a compartment bounded by a protein capsid, and the in-
corporation of a flexible fiber composed of RNA and associated
proteins (see figure 6(a)). We have also enjoyed extensive col-
laboration with Ivan Viola group (www.cg.tuwien.ac.at/
staff/IvanViola.html) on modeling methods and visual-
ization based on this recipe (see, for example [KCK∗18]), which
has spurred improvement of the export formats (see figure 6(b)).

The basic functionality was implemented and tested during work
with the Pancreatic Beta-cell Consortium [SMW∗18]. The goal of
the Consortium is to build a predictive model of an entire eukary-
otic cell, and we have chosen the characteristic organelle of these
cells, the insulin secretory granule (ISG), as a first step (figure 7).
An iterative dialog between development and application in this
system led to the refinement of the coarse-grain bead interface, let-
ting user overwrite the radius of the beads, but also letting user
change the position of individual beads throught the implementa-
tion of an edit mode relying on NGL event framework (figure 7b).
Multiple third-party tools that showed utility during the process of
curation have been incorporated directly into Mesoscope as well.
We feel that having nimble access to these curation tools is one of
the major value-added features of Mesoscope, greatly streamlining
the process of validating the many ingredients that are incorporated
into these recipes.

Extensive feature development and testing of Mesoscope was
then performed during curation of data for the simple bacterium
Mycoplasma genitalium (figure 1 and 8). The goal of this project is
to generate snapshots of the bacterium at defined time points in the
life cycle, integrating data parameters from whole-cell systems bi-
ology simulations from the Covert laboratory [KSM∗12]. The out-
come represents the first 3D mesoscale model of an entire bacte-
rial cell with atomic detail, and is the most complex recipe that we
have attempted, with 683 ingredients including complex fibrous el-
ements such as DNA and RNA.

Key information about the ingredients (protein identifica-
tions, functions, molecular weights, locations, UniProt codes)
were extracted from WholeCellKB (www.wholecellkb.org
[KSM∗13]) as json files, while molarities were obtained from pro-
cessing simulations as hdf5 files downloaded from WholeCell-
SimDB (www.wholecellsimdb.org [KPC14]). The initial
draft recipe was generated as a csv file with a Python script that in-
corporates all the data extracted from the simulations and the struc-
tural models assigned to each ingredient. Mesoscope was used to
visually inspect every structure in the model, allowing ready cu-
ration of specific biological assemblies and assignment of protein
chains. Also, Mesoscope was instrumental in the proper orienta-
tion for membrane proteins that are not deposited in the OPM. The
Protvista panel proved particularly useful in this task, as it retrieves
the transmembrane domain location from the UniProt entry, and
was used as a guide to define the membrane orientation.

(a) ISG Recipe

(b) ISG Beads Setup

(c) ISG Model

Figure 7: Insulin Secretory Vesicle
a) The recipe includes membrane-bound and soluble interior in-
gredients for the vesicle, and a simplified recipe for generic cy-
toplasm. The recipe also includes specifications for a small crys-
tal of insulin, being previewed in the NGL viewer, which is often
found in mature forms of the vesicle. b) Through K-means cluster-
ing of atomic position, Mesoscope generates n-beads representing
the current structure viewed in NGL. Radii of the beads may be cal-
culated from the cluster boundary (left and center, 3 and 25 beads
auto radius) or defined by the user (right, 25 beads with radius
of 25 Angstroms). c) cellPACK-gpu visualization of a cross-section
through the model, with the vesicle in turquoise and the surround-
ing cytoplasm in pink. The large circular feature inside the vesicle
is the insulin crystalline inclusion.
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(a) Structure

(b) Score

Figure 8: Mycoplasma Cell
Colors are used to explore confidence levels and provenance of in-
gredients in a model of an entire mycoplasma cell. These values are
curated in the Mesoscope spreadsheet and exported to CellView for
display. (a) Color coding of confidence levels for the protein ingre-
dients of the recipe. (b) Color coding of protein ingredients by the
source of the molecular structure.

Figure 9: Recipe Exported to CellPAINT
A recipe composed of hand-drawn ingredients was designed and
curated in Mesoscope, then exported to CellPAINT, a prototype
paint program designed for interactive creation of 2.5D mesoscale
images.

Two new functionalities were implemented during the curation
of this mycoplasma model: the possibility to apply user defined
colors to ingredients and more flexible options to update specific
parts of existing draft recipes or merge two draft recipes. When
dealing with a considerable number of ingredients, the coloring
system on the ‘Recipe View’ panel now allows users to instantly
highlight desired ingredient properties (i.e. molecular weight, copy
number, confidence on the structural model assigned) and visually
spot the ingredients that require more attention. The ‘merging’ op-
tions enable simultaneous updates of all ingredient copy numbers
extracted at different time frames of the simulations, allowing a cu-
rated recipe for one time point to be applied to all time points in
a simulation. Aspects of file export were also streamlined during
this study, exporting of the color palettes and protein molarities as
single files readable from cellPACK-gpu, greatly facilitating the in-
terpretation and the navigation of MG-WholeCell model.

Our laboratory is also exploring alternative interfaces for mod-
eling and visualizing the cellular mesoscale, which rely on Meso-
scope recipes to define the systems under study. For example, we
have created an application similar to a paint program, CellPAINT,
that allows users to draw membranes interactively and spray in col-
lections of proteins (figure 9). To support CellPAINT, an option
was added to Mesoscope to capture still images of ingredients, us-
ing our illustrative rendering techniques and views chosen in the
Mesoscope NGL window. These images are then used as sprites in
CellPAINT for interactive creation of mesoscale illustrations. We
are currently exploring an extension of CellPAINT that takes a sim-
ilar painting metaphor into three dimensions within a virtual reality
environment (figure 10).

4. Future Plans

Mesoscope, like much of the field of mesoscale modeling, is ac-
tively under development. The beta version should be treated as a
proof-of-concept for the basic functionality needed for simple cel-
lular systems that include membranes, soluble biomolecules, and a

© 2020 The Author(s)
Eurographics Proceedings © 2020 The Eurographics Association.

29



L. Autin et al. / Mesoscope: A Web-based Tool for Mesoscale Data Integration and Curation

Figure 10: Recipe Exported to CellPAINT-VR
A recipe for the erythrocyte cytoskeleton was designed and curated
in Mesoscope. Two domains from spectrin are being curated in the
NGL viewer at center, to specify how they will be connected to form
a larger fibrous molecule. The recipe was exported to CellPAINT-
VR, to allow construction of the network-shaped cytoskeleton using
virtual reality viewing and interactive manipulation.

few specialized higher-order structures. Future development will be
needed to address the many additional levels of hierarchical com-
plexity that are implicit in biological systems. Our current goal is
to define a useful and usable representation of the network that de-
fines interactions between molecules, which will include both in-
formation on pairings that occur and the structural details of the
interactions. We are also actively developing methods for incor-
porating ultrastructural information from cryoelectron tomography
for detailed definition of compartments.

We are also very interested in improving the user experience.
Our immediate goal will be to incorporate a user-friendly preview
method, allowing users to identify potential problems before more
resource-heavy modeling efforts. The size of these systems has
proven to be our major stumbling block in initial efforts, which only
show effective performance with hardware with a gpu. We are cur-
rently collaborating with the developers of Mol*(molstar.org),
which provides many effective methods for approaching systems of
this complexity. The Mol* viewer work in progress with example
of cellPACK model can be seen at molstar.org/viewer.

5. Availability

• Mesoscope is freely available at mesoscope.scripps.
edu/beta and has been tested on Firefox, Chrome and other
modern browsers.
• A tutorial for Mesoscope use with cellPACK is available

at www.autopack.org/documentation/tutorials/
nbcr-summer-training-2018
• A tutorial for Mesoscope use with cellPAINT is

available at ccsb.scripps.edu/cellpaint/
cellpaintexo-tutorial
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