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A Visual Environment for Data Driven Protein
Modeling and Validation
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Abstract—In structural biology, validation and verification of new atomic models are crucial and necessary steps which limit the
production of reliable molecular models for publications and databases. An atomic model is the result of meticulous modeling and
matching and is evaluated using a variety of metrics that provide clues to improve and refine the model so it fits our understanding of
molecules and physical constraints. In cryo electron microscopy (cryo-EM) the validation is also part of an iterative modeling process in
which there is a need to judge the quality of the model during the creation phase. A shortcoming is that the process and results of the

validation are rarely communicated using visual metaphors.

This work presents a visual framework for molecular validation. The framework was developed in close collaboration with domain
experts in a participatory design process. Its core is a novel visual representation based on 2D heatmaps that shows all available
validation metrics in a linear fashion, presenting a global overview of the atomic model and provide domain experts with interactive
analysis tools. Additional information stemming from the underlying data, such as a variety of local quality measures, is used to guide
the user’s attention toward regions of higher relevance. Linked with the heatmap is a three-dimensional molecular visualization
providing the spatial context of the structures and chosen metrics. Additional views of statistical properties of the structure are included
in the visual framework. We demonstrate the utility of the framework and its visual guidance with examples from cryo-EM.

Index Terms—Molecular visualization, cryo-EM, model validation, verification.

1 INTRODUCTION

T HE modern field of structural biology is principally con-
cerned with the documentation and analysis of three-
dimensional structures of protein molecules. Either through
diffraction experiments employed in X-ray crystallography,
measurements of nuclear couplings via nuclear magnetic
resonance (NMR), or by direct imaging in cryogenic electron
microscopy (cryo-EM) the relative positions of the individ-
ual amino acids of proteins can be determined with great
accuracy. Over the past 10 years cryo-EM has experienced
a 10-fold increase in resolving power allowing it to rival
the usage of X-ray crystallography in the determination
of protein structures, a process which has been coined the
resolution revolution [1], [2].

In the cryo-EM experiment 1-3uL of purified protein
solution is rapidly frozen in order to produce a sample con-
taining protein molecules suspended in a layer of vitreous
ice. Analogous to light microscopy, electron phase contrast
images of the vitreous suspension are then recorded in the
electron microscope, producing projections of the electro-
static potential through the sample. Each image contains
tens to hundreds of individual protein molecules, and via
a combination of signal processing and Fourier synthesis,
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the individual projections can be combined into a three-
dimensional reconstruction. This resulting volume, referred
to as a density map, is a representation of the distribution
of electrostatic potential throughout the protein molecule
[3]. The map is extremely information-rich however direct
interpretation and communication of cryo-EM maps is visu-
ally challenging. Therefore, a protein model, being a three-
dimensional chemical structure, is created as an analogue
to this volumetric representation and deposited alongside
the experimentally derived maps into databases such as the
RSCB Protein Data Bank (PDB) (rcsb.org) [4] and the Elec-
tron Microscopy Data Bank (EMDB) (ebi.ac.uk/emdb) [5].

Creating a protein model from an electrostatic potential
map is a manual and laborious process and while aided by
computational tools [6], the construction of a single protein
model can span weeks to months. As the final model is an
interpretation of the experimentally recorded map by the
individual structural biologist, careful validation is required
to ensure its chemical and physical correctness as well
as its accurate reflection of the underlying map. As such,
while the construction of models represents a time consum-
ing process in structural analysis, the final evaluation and
improvement of those models represent the most crucial,
challenging, and error prone steps. Atomic models should
never be taken as absolute since the protein structure can
change depending on environmental factors. A failure to
accurately build and validate a protein model hence risks
introducing persistent errors or allows for misinterpretation
by the wider community.

In order to ensure a valid interpretation, a host of soft-
ware and validation metrics are available to the structural
biologist; however, the use of visual representations and
graphical aids to convey such metrics are limited. Most of
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Fig. 1. Our visual guidance framework for map-to-model validation in cryo-EM showcasing the initial ribosomal protein bS6m. Multiple linked views
enable interactive analysis and inspection of various quality metrics and the corresponding hot spots within an atomic model. Here, a subset of
residues was selected in the residue quality panel. The framework consists of the following components: (a) The residue quality visualization,
providing a linear overview of the atomic model. (b) A molecular rendering, showing the spatial context matching the residue selection while non-
selected residues are depicted in gray for context. (c) Additional plots, facilitating in-depth analysis.

the validation metrics are communicated through tabulated
values or, in some cases, compressed into scalar values as
an overall score, intended to represent the whole model.
As such, the individual metrics are often isolated from each
other and with limited reference to the spatial domain.

In this work we are presenting a visual environment sup-
porting this important component of the protein structure
modeling workflow. The tool, depicted in Fig. 1, comprises
multiple views to tackle the problems of exploring three-
dimensional atomic models while integrating data from var-
ious validation metrics by means of visualization. Since the
visualization of the available high-dimensional validation
metrics and their embedding in 3D often leads to informa-
tion overflow and results in higher cognitive loads on the
user, we developed a novel linear representation inspired by
heatmaps, the residue quality plot. This visual representa-
tion uses the linear backbone of biomolecules, like proteins,
as the principal axis while the various validation metrics
are shown for each residue on the second axis. To guide the
user’s attention we incorporate local quality measures to
mask parts of the residue quality plot besides the apparent
visual cues provided by the heatmap and color mapping. A
3D molecular visualization complements the quality visual-
ization and provides the spatial context, which is important
when considering geometric constraints like overlapping
atoms and bonds. Additional views including scatter plots
and Ramachandran plots enable the analysis and inspection
of statistical properties for detecting outliers. In summary,
we make the following contributions in this paper.

e A novel framework utilizing visualization for sup-
porting model validation and verification of atomic

models developed in close collaboration with do-
main experts.

e A visual metaphor for visualizing high-dimensional
data of biomolecules based on heatmaps which
serves as a linear overview of the complex 3D struc-
ture as well as interface for interactive analysis.

e Incorporating local quality measures like the local
resolution derived from the cryo-EM density map to
highlight areas of higher relevance.

o The utility of the framework is demonstrated with a
variety of cryo-EM examples.

2 BACKGROUND

Cryo-EM is a recent technology for determining the 3D
structure of proteins. These macromolecular structures are
a prerequisite for the modeling of the atomic structure
of proteins and understanding their function. A simplified
workflow for the process of determining a macromolecular
structure is depicted in Fig. 2. The main components are the
purification of a biological sample, followed by collection
of transmission images in the electron microscope. These
transmission images can then be used to reconstruct a 3D
approximation of the electrostatic potential of the original
protein, often referred to as a map. This volume is then
interpreted and modeled as a set of atomic coordinates
via a manual process of interpretation referred to as model
building.

2.1 Map generation

The cryo-EM process starts with a liquid sample of purified
protein. Roughly 3pL containing 1ug-5ug of protein is
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Fig. 2. Cryo-EM workflow with this work focusing on modeling and validation, the most time- and labor-intensive component of the protein

reconstruction process.

applied to a sample holder consisting of a 400 um metal
mesh covered in a layer of thin carbon or gold foil. The foil
contains a series of holes, 1 ym-2pm in diameter, through
which the sample can be imaged. The sample is then
rapidly frozen by immersion in liquid ethane. This rapid
vitrification process prevents crystallization of the water
solvent and suspends the individual protein molecules in
close to random orientations, allowing for the recording of
transmission images using the electron microscope. A full
dataset contains thousands of images with each image po-
tentially containing hundreds of unique protein molecules.
Using image processing, a set of such protein projection
images can be averaged and the original three-dimensional
protein structure is reconstructed using Fourier synthe-
sis. The resulting volume is referred to as a cryo-EM or
density map and is an approximation of the electrostatic
electron-scattering potential of the atoms constituting the
protein. In addition to 3D reconstruction, clustering and
classification algorithms allow for partitioning of the data
into distinct subsets of structures which can represent and
account for biological heterogeneity in the protein sample.
This heterogeneity is often present either as compositional
heterogeneity as proteins might bind additional compo-
nents or subunits, or as conformational flexibility within the
protein structure itself. Despite classification efforts, each
reconstruction usually retains some level of heterogeneity
which, after averaging, appears as blurring or structured
noise in the final reconstruction. Therefore, the relative noise
level, map fidelity and local resolution can vary significantly
across the map. To provide a uniform noise level and aid
interpretation, the maps are low pass filtered based on their
“local resolution”, as estimated by the local Fourier Shell
Correlation (FSC) [7], [8]. This variation in local resolution
poses significant challenges for model building, validation,
and interpretation and makes validation metrics calculated
on overall statistics less informative.

2.2 Modeling

The reconstructed map obtained from the cryo-EM experi-
ment contains a wealth of information regarding the atomic
composition of the imaged protein. The model building pro-
cess typically entails a lengthy, semi-manual interpretation
of the map density with the aim of producing an accurate
and physically probable model of the target protein. The
result is a set of atomic coordinates. As an example, in
a recent study from our collaborators a model consisting
of more than 282000 atoms organized into 95 unique
protein polypeptides was created, which required 6 months
to complete [9]. Due to trade-offs between model to map
correlation and prior knowledge of physical and geometric

constraints on atomic structures, model building requires
extensive knowledge and subsequent statistical validation
in order to produce an accurate model useful for further
inquiry.

2.3 Validation

The most crucial step in the cryo-EM workflow is the
validation of the molecular model. During the validation
process both the agreement between model and map is
scored, as well as its conformity to prior statistical models
of chemical bond lengths and angles. As a part of this
process several well-established geometry metrics are avail-
able. Primarily chemical bond lengths, that is the distance
between two covalently bound atoms, should be consistent
with known statistics, and usually vary less than 0.02 A
from ideal values. Similar tabulated values exist for bond
angles between neighboring atoms as well as their torsion
angles. In addition to distance and angular metrics, the clash
score is a common metric which accounts for the improper
overlap between atomic radii. This is evaluated on both a
per atom basis as well as present as a scalar value for the
whole model. As large atomic overlaps are highly improb-
able, the overall clash score should be minimized, however
improperly refined models with high clash scores are still
widely present in databases.

These strict geometric distance and angle restraints form
the most rigorous basis for model validation. Apart from
local distances and angles, the peptide backbone in proteins
typically adheres to a set of torsion angles, the distribu-
tion of which form the basis for the two dimensional Ra-
machandran plot. Proper adherence to the Ramachandran
distribution is a common and well-known metric for model
validation and is readily utilized during model building.
This in turn limits its usefulness for independent validation
and due to common overfitting to Ramachandran statistics,
higher-order metrics have been developed. One such metric
is the CaBLAM (C-Alpha Based Low-resolution Annotation
Method) score developed to provide an evaluation of the
peptide backbone spanning several residues [10]. In addi-
tion to the peptide backbone geometry, the torsion angles
of amino acid side-chains typically conform to a set of
probable geometric configurations. These distinct side chain
configurations are referred to as rotamers and by evaluating
high resolution structures where the atomic positions can
be determined directly, a library of likely configurations is
created. Adherence to this distribution of rotamers is then
useful for validation. Finally, in the specific context of cryo-
EM, both the EM ringer and FSC-Q score evaluate a mixture
of main chain, rotameric, and local correlation to the map
and is cited as an overall scalar or per residue metric for
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rotamer fitting accuracy [11], [12]. It is worthwhile to note
that in rare cases statistical outliers are still valid as long as
they can be adequately supported by the map, a judgement
left to the model builder which can significantly increase the
difficulty of the validation process.

One of the most popular tools for structure validation
and verification is MolProbity [13], which is part of the
PHENIX toolbox [14]. It includes many of the commonly
used scoring and validation functions described above and
also reports overall scores for some of the individual met-
rics. The different metrics are shown either in text form,
tabular form, or plotted in line plots without any spatial
context with the exception of Ramachandran plots for Ra-
machandran statistics. However, it is possible to highlight
the matching residue or atom in the external modeling tool
Coot [15] or PYMOL, a molecular visualization system [16].
In an iterative process, potentially problematic areas iden-
tified during validation are then remodeled and validated
again. Once the reported issues are addressed appropriately,
the molecular model of the structure can be published. In
the remainder of this work, we describe how our tool can
support the structural biologist in this modeling-validation
loop through the use of visualization and visual guidance.

3 RELATED WORK

Following the basic cryo-EM workflow as described in Sec-
tion 2, we divide the related work into four parts: signal pro-
cessing and map generation, protein modeling, validation,
and visualization. A more detailed introduction to cryo-EM
can be found in the literature [17], [18].

Data processing — RELION [19] and cryoSPARC [20] are
commonly used to generate density maps from cryo-EM
data which benefits from utilizing GPUs [21]. Scipion [22]
serves as unified interface between different cryo-EM soft-
ware and formats, but can also generate density maps. Our
work relies on the resulting density maps independent of
the tools used to create these.

Modeling — The reconstructed density maps serve as a
reference for the manual modeling of atomic models that is
typically performed in dedicated tools like Coot, the Crys-
tallographic Object-Oriented Toolkit [15]. The entire process
is facilitated and augmented by toolboxes and frameworks
like PHENIX [14], a suite of tools developed for molecular
structure determination and validation using data from
either cryo-EM or crystallography, or CCP-EM [23]. An
alternative to manual modeling is the prediction of protein
structures with AlphaFold [24] and subsequent alignment
with the cryo-EM density map in a second step followed by
model validation using aforementioned tools [25], [26].
Validation — Even though cryo-EM has been utilized for
a number of years, from a visualization perspective the
validation and analysis of cryo-EM data is rather limited
to scatter plots, line plots, and Ramachandran plots for
dihedral angles [27]. These plots are typically shown next to
linked views with simple molecular renderings in Coot [15]
or KiNG (Kinemage, Next Generation) [28]. MolProbity [13],
available as standalone as well as integral part of PHENIX,
enables the validation of atomic models on the atomic
scale with a number of different measures and metrics. The
resulting metrics are typically shown in form of tables or the

4

aforementioned plots. There is, however, a lack of visualiza-
tions that provide insight into the high-dimensional space
spanned by the various validation metrics and thus allow
for a visual quality control.

In their work from 2021, Lawson et al. [29] look at data

from the Cryo-EM Model Challenge in 2019 with respect to
assessing the model quality, reproducibility, and a compari-
son of scoring metrics. They recommend to consider multi-
ple scoring parameters considering the underlying cryo-EM
density map to fully evaluate the atomic model in question.
We follow this recommendation by including all available
metrics in our visualization.
Visualization — Atomic models can be rendered in different
representations using popular molecular visualization tools
like VMD [30], PyMOL [16], Jmol [31], VIAMD [32] and
UCSF Chimera [33]. Modeling tools, like Coot and KiNG,
provide basic visualizations of the atomic models to be
build while depicting isosurfaces of the density map as
triangle meshes at the same time. Volume rendering is often
employed in USCF ChimeraX [34] to depict the underlying
electron density maps. Our framework uses its own molec-
ular visualization based on glyph ray casting [35] in order
to provide an integrated view along with multiple linked
views. For an overview on molecular visualization we refer
the reader to the work by Kozlikova et al. [36].

In order to augment the molecular rendering in our
work, we include a heatmap-based visualization in a sep-
arate view. Heatmaps have been applied successfully to
different areas in biology in particular for high-dimensional
data [37]. In the context of microarray data, Gehlenborg et
al. [38] introduce a 2D colormap for the heatmap that uses
the normalized relevance of an expression as second axis.
Genome data is often concerned with very long sequences
and heatmaps are utilized as a space-efficient approach to
encode and visualize the data, for example in the Interac-
tive Genomics Viewer [39]. Our work applies this idea to
biomolecular data along with its quality metrics. As proteins
can be unraveled into long linear chains, heatmaps can
provide a matching overview of the quality along the chains.

4 THE FRAMEWORK

The goal of this work is to provide the tool for visual
analysis and guidance in the context of cryo-EM, presenting
an overview over validation metrics in the spatial context
of the atomic model. Our framework consists of three
main components (Fig. 1): 1. molecular visualization; 2.
a linear overview of the model provided by the residue
quality visualization with metrics; 3. supporting plots like
Ramachandran plots, scatter plots, and parallel coordinate
plots. All the concepts are implemented in the visualization
framework Inviwo [40] using C++ and OpenGL as well
as Python and D3,js. Brushing and linking in all views
supports seamless interaction between the different visu-
alizations. Additional contextual information, like residue
numbers, atom type, and metric scores, is shown in tooltips.

Regular exchanges between the authors from visualiza-
tion and structural biology were part of the iterative design
process and helped to cater for the specific needs and re-
quirements of structural biologists. Additional feedback was
provided by coworkers of that author in a small number of

Authorized licensed use limited to: The University of Utah. Downloaded on June 27,2023 at 18:06:10 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Visualization and Computer Graphics. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2023.3286582

JOURNAL OF IATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

Residue Quality Heatmap

Local Res (max (]

" - —— -

5
[} [}
s 8o rossses 8
8 ]
[ [

.. LcorrsonatranaLxarsr vy UONOSN00000000000

Fig. 3. Residue quality heatmap with the local resolution as weighting factor (ribosomal protein bS6m). No weighting (left), linear weighting (center),
and quadratic weighting (right). A higher local resolution corresponds to higher opacity and thus to more precision, that is atom positions in those

areas are more reliable.

meetings. These discussions resulted in three major design
iterations and multiple minor revisions.

4.1 Data Sources and Processing

In order to avoid unnecessary pre-processing and format
conversions, our framework supports data formats com-
monly used in the cryo-EM workflow. The data needed for
the visual guidance can be categorized into three types.
Density map: This scalar volume obtained from volumet-
ric reconstruction (see Section 2.1) holds electron density
occupancy values. The data is stored in the MRC 2014
file format with floating point precision. The component is
essential during modeling, for validation, and is part of the
published structure. The local resolution information per
voxel is derived from the density map and the resulting
scalar volume is stored using the same data format.
Atomic model: An atomic model consists of atoms and
matches the features in the density map. The atom positions,
atom type, and additional data like parent residue are
stored in a macromolecular Crystallographic Information
File (mmCIF) or in the Protein Data Bank format (PDB).
Typically, information on bonds is not included and has to
be determined after loading the structure.
Validation metrics: MolProbity only shows the resulting
metrics reported in tabular form or text as outlined in
Section 2.3. Besides saving the summary as text file there
are no other options to export the data. Therefore, we added
some export functionality to each validation approach in
PHENIX, which was incorporated into the most recent re-
lease of PHENIX, resulting in one data table per validation
metric. Except for atom clash scores, the metrics are given
on a per-residue basis. We then combine these tables with
information from the atomic model which results in one
table containing all available metrics per residue. Note that
validation scores are by no means complete either due
to thresholding or only outliers being reported. Thus, the
residue table is sparsely filled.

We use Python modules, namely mrcfile and Biopython,
to import the data from the different sources into our
prototype. The validation metrics are loaded directly.

4.2 Molecular Rendering

A large portion of the available screen-space is dedicated to
the 3D visualization of the atomic model. The main purpose
of this view is to provide a spatial context when inspecting
the validation metrics. In line with existing modeling tools,

we decided to use a bond-centric model, the ball-and-
stick representation. This representation is quite sparse and
provides a sense of familiarity to the structural biologists at
the same time. Space-filling models and the Van der Waals
surfaces are not recommended, even though supported,
since both are dense representations. The overlapping atoms
cause lots of occlusion and bonds not being visible poten-
tially hides important information.

Instead of coloring the atoms by element, any validation
metric can be mapped to color. The reasoning is that the
structural biologist is already familiar with the spatial po-
sitions and shape of the structures, having spent months
working on it. Thus the additional key by atom color is
not needed, though it can be toggled if necessary. Mapping
validation metrics to the atomic model can provide insight
into spatial interrelation of non-neighboring residues. For
example, in case of atom clash scores pairs of overlapping
atoms are easily spotted and identified as depicted in Fig. 4.

Besides rendering the entire atomic model, the tool sup-
ports rendering selections of sub-chains, that is a subset
of connected residues, or individual residues. Non-selected
parts are de-emphasized by either desaturating the colors of
all other structures or hiding them entirely. This facilitates
and guides the user to focus on a specific part of the
molecule while reducing the visual clutter around it.
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Fig. 4. Visualizing the clash scores for the deteriorated (a), initial (b),
and refined model (c) of the ribosomal protein bS6m. In region 1, the
atoms of residues 104 (Alanine) and 107 (Phenylalanine) clash due to
deterioration while the lower part is mostly unaffected. The refinement
of the model reduces most clashes except for residues 63 (Arginine), 64
(Tyrosine), 140 (Leucine), and 146 (Alanine) in region 2.
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4.3 Residue Quality Visualization

The visualization of the overall residue quality is an impor-
tant part of our framework which enables the inspection of
various per-residue validation metrics. It provides both a
linear overview over the entire modeled structure as well
as the means for navigation and selection. Both individual
residues and ranges can be added or removed from the
current selection.

This visualization itself is based on a 2D heatmap. The
horizontal axis represents all residues ordered by their oc-
currence in the backbone of the atomic model. The labels re-
fer both to the residue index and its name’s one-letter abbre-
viation to ease navigation. The available metrics, which can
be filtered, are stacked vertically above each corresponding
residue. Since the results of some of the validation metrics
are sparse, entries for which there is no data are not shown.
For atom-specific metrics, the available data is merged on a
per-residue basis for all enclosed atoms. In case of the clash
score, we decided to show the maximum overlap as this
often indicates the most severe modeling issues. In addition,
potential clashing atoms being part of the same residue are
close by and easily identifiable in the 3D visualization.

For both visualization and interaction purposes, we de-
cided to use rather large squares with constant size for each
entry resulting in a coarsely pixelated representation of the
validation metrics. Here, problematic areas appear clearly in
this overview and outliers are also easily spotted.

As some of the molecules consist of a large number of
residues, this heatmap would be very wide. To counter-
act this, it is possible to show only specific chains of the
molecule in line with the molecular rendering. This reduces
the need for horizontal scrolling and at the same time suits
the needs of the structural biologists who quite often focus
on a particular area during the refinement process.

The information from the validation metrics can option-
ally be augmented with the local resolution, which expresses
uncertainty (see Section 2.1). The local resolution of a single
residue is obtained by averaging the local resolutions for all
of its atoms. It can directly be used as a cut-off threshold
or for importance weighting by means of transparency. If
enabled, the cut-off threshold determines the visibility of
the data values. When using the importance weighting, the
local resolution factors are normalized and then mapped to
opacity either linearly or quadratically for further emphasis.
This mapping allows the user to focus on regions of higher
reliability, that is higher local resolution (Fig. 3).

The heatmap is implemented in D3.js and shown next to
the molecular rendering and additional plots.

4.4 Additional Views

Scatter plots are provided to complement the aforemen-
tioned residue quality plot and molecular rendering to
support further investigation of statistical properties and
validation metrics including local resolution information.
Since the available metrics and data contains both per-
residue data and per-atom data, this can result in a 1-to-n
mapping or vice versa. For example, plotting per-atom clash
scores against residue indices results in multiple clash scores
per residue, one for each related atom. Similarly, selecting an
individual residue will highlight all belonging atoms as well

Fig. 5. Atomic model of a mitoribosomal protein bS6m with the initially
modeled structure (gray) and a modified, purposefully worsened model
with partially shifted atoms (red).

(blue highlights in the center plot of Fig. 7). By incorporat-
ing local resolution information these plots can give more
insight into data reliability, for instance correlations between
a low local resolution in the density map and higher clash
scores due to imprecise positioning of atoms.
Ramachandran plots [27], a specialized type of scatter
plots commonly used in biochemistry for detecting outliers,
are included as well. This type of plot can be shown individ-
ually for the four peptide types of residues: general, proline,
pre-proline, and glycine (see Figures 7 and 8). It depicts the
dihedral angles (®, ¥) of each residue against a distribution
of the top-500 proteins. The filled area in the background
corresponds to enclose 98 %, 99 %, 99.8 %, and 99.999 %
of the top-500 proteins’ angles, respectively. Thus, residues
with dihedral angles outside those regions are easily spotted
and can be subjected to further inspection and verification.

4.5 Visual Attributes / Color Maps

The color maps used in the framework are taken from D3 js,
which are based on ColorBrewer (colorbrewer2.org). We use
a continuous yellow-orange-red map for the validation met-
rics where red correlates with high validation metric scores
thereby emphasizing problematic areas of the structure. The
data values are normalized with respect to the largest value
in order to provide a higher dynamic range. Angles are
shown either with a diverging red-white-blue color map or
the regular yellow-red color map depending on their range,
that is either [—180°; 180°] or [0°, 360°).

The color map of the local resolution is a discretized
white-blue gradient. Using a different hue clearly marks
the difference between the local resolution and validation
metrics when visualizing both at the same time.

The atomic model is rendered using the RasMol CPKnew
color scheme [41] or any color-mapped validation metric.
Deselected residues and atoms are desaturated or hidden.

5 UsE CASES

The datasets used for showcasing our framework were
chosen by the domain expert, one of the authors. Both
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Fig. 7. Close-up inspection of two Ramachandran outliers in the deteriorated ribosomal protein bS6m. In the Ramachandran plot, the two selected
residues are outside the 99.8 % interval of the top-500 proteins. In this case, the outlier was caused by one of the modifications to the model.

datasets are part of his research [42], [43]. The smaller 5.1 Ribosomal protein (bS6m)
one, a ribosomal protein, is intended to demonstrate the
basic functionality and concepts while keeping the overall
complexity low and avoid clutter and occlusion in the
3D visualization. Furthermore, this facilitates comparisons
between slight variations of the structure performed by
the domain expert as described below. The chloroplast ri-
bosome contains two orders of magnitude as many atoms
and residues than the ribosomal protein and illustrates the
scalability of the framework while also highlighting issues
with published structures.

This protein is part of the mitochondrial ribosome of yeast
Saccharomyces cerevisiae [42] and consists of 2206 atoms of
which 1126 are hydrogen atoms that were added after
modeling. The corresponding density map has dimensions
of 60 x 60 x 60 voxels. For evaluation and illustrative pur-
poses, we use different versions of the atomic model of
this molecule. The density map remained unchanged for
all three of them. This dataset is featured in most of the
illustrations if not otherwise mentioned.

Initial model This model is the first completed model
worthy of validation after a couple iterations of modeling
and refinement.

Authorized licensed use limited to: The University of Utah. Downloaded on June 27,2023 at 18:06:10 UTC from IEEE Xplore. Restrictions apply.
© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Visualization and Computer Graphics. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2023.3286582

JOURNAL OF IATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

Residue Quality Heatmap

)
[ TR N

Clear Selection | 9 Metrics v | 54 Chains v

" " ] ]
]

0 nm [} 0|
0 l. ll!llf .ill 00700 00 lll'ui.l. l‘ 0000 1000000 |

1000

Rotamer Score
Chi1

0.0

360.0-

00—,

General Proline

Rotamer Score 100 180 T 1801
@i OCe e 100 <’ 100
N
H 5
= g _ g
» ‘ s 3 5 3
g Z 5 i i
2 £
5 k]
Outller & 2
5oL ol 22 ase-- @ A
-180 phi 180 -180 phi 180
Glycine Pre-Pro
a & 180 1
100 Y 100
o
¢ o $ ¢
g 2 g
¢
oo S0 0 L e ; o
i 32 80 32
10000

Residue

Fig. 8. Analyzing the rotamers of a spinach chloroplast ribosome (PDB-ID: 6ERI, EM Map: EMD-3941). Unknown residues without rotamer
information are grayed out in the molecular visualization (lower left). The Ramachandran plot showing the general peptides reveals one residue in

the unfavored region (cyan).

Refined model The refined model resulted from iteratively
refining the initial model through automated fitting to the
density map and manually fixing issues which were indi-
cated throughout the validation. This reflects the regular
modeling-validation loop of the cryo-EM workflow as de-
scribed in Section 2.

Deteriorated model Here, roughly a third of the atoms of
the initial model were purposefully modified by moving
them slightly, see Fig. 5. The movement had to be large
enough to have an effect but at the same time small enough
to not sever any covalent bonds. The net effect of this
operation was sought to be overall negative with respect to
fitting of the density map and, thus, the different validation
metrics. Particularly the clash score of overlapping atoms
and the binding angles are affected.

Fig. 4 depicts the clash scores corresponding to the three
model instances. The differences are quite apparent. The
initial model suffers from a number of atom clashes, most of
which are also present in the deteriorated case besides more
affected areas like in the top and center part of Fig. 4. In case
of the refined model, almost all problematic clashes have
disappeared. This is confirmed by the residue quality plots
show in Fig. 6 where only six residues remain with clashes
in the refined model. Since only a part of the model has been
modified, the clash scores of some residues are identical
between the deteriorated and initial case. See for example
residues 19-36 and 71-95. There are even some cases where
the modification removes clashes like for residues 18, 67, 68,
102, and 106. The variations in the local resolution (blue
color map) are caused by the fact that atoms have been
moved.

When looking at the Ramachandran plot for proline
peptides in the deteriorated model there are two obvious

outliers, see Fig. 7. Selecting the two outliers reveals two
close-by residues whose validation metrics are in the accept-
able range including the Ramachandran scores. Since these
outliers occur neither in the initial nor the refined model,
they are caused by the deterioration and not the modeling
and, thus, can be ignored after a brief inspection of the
molecular rendering.

5.2 The chloroplast ribosome

This spinach chloroplast ribosome (PDB-ID: 6ERI, EM Map:
EMD-3941) is involved in oxygenic photosynthesis [43]. The
structure was obtained at 3A resolution and comprises
145000 atoms distributed over 11094 residues. For some
of the chains, including about 5000 residues, we were not
able to produce any validation metrics as those are marked
as “unknown”. These chains appear as grayed-out regions
in the residue plot.

The large number of residues require browsing and
scrolling in the residue plot or reducing the number of
selected chains to obtain an overview. At a quick glance,
the heatmap reveals a small number of clashing atoms and
only a few potential problems with geometric constraints.

The rotamer scores, however, are quite high in places
as shown in Fig. 8. A scatterplot of the chi 1 angles of
the rotamers features five clusters adopting predetermined
torsion angles. Interestingly, the second cluster from the
top shows a distinct pattern where residues with low ro-
tamer scores accumulate at a slightly different angle. The
Ramachandran scores indicate that most residues lie within
the favored and allowed regions with one clear outlier as
confirmed by the Ramachandran plots (cyan circle).

As this data concerns a published structure, the density
map (420 x 420 x 420 voxels) has been cleaned up and
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Fig. 9. Spinach chloroplast ribosome (PDB-ID: 6ERI, EM Map: EMD-
3941). Mapping the local resolution onto the atomic model reveals po-
tential problems with the underlying map and/or tools used to compute
the local resolution from the density map.

smoothed. This in turn affects the local resolution, derived
from the density map, which is constant almost everywhere
and, thus, is not considered a sensible weighting factor in
the residue quality plot. Using the plot and the molecular
visualization with the local resolution mapped to color, a
small number of outlying regions can be identified as shown
in Fig. 9. These regions could either indicate issues with the
tool used for computing the local resolution or the published
density map. In either case the original data would be
required for further analysis.

5.3 User Feedback

The impact of the proposed framework and visualizations
is unfortunately hard to quantify directly in the context
of the cryo-EM workflow as it augments the mostly man-
ual process of model building of individual structures. In
the following, we therefore summarize the feedback and
thoughts of our domain expert instead.

Model building is an iterated and curated process asking
and testing small hypotheses, especially for poor resolution
data. How does this region fit into the density? What hap-
pens if you move these residues? Could there be shifts in
the amino acid sequence etc. This coupled together with the
fact that many times the actual insight and new knowledge
that is generated comes primarily at this stage. It is the ob-
servations at the stage of model building which ultimately
make it into the papers. This is also true for validation
where anomalies are more often than not interesting and
noteworthy, especially with the existence of more automated
tools like AlphaFold [24] nowadays. Here, the main im-
portance is then to convey as much data as possible in an
interactive manner. Especially data which is spatially linked
is extremely useful as it minimizes the overhead which
is required to interpret and validate the individual error
metrics. Having several scalar values presented together
in a spatial context such as in the proposed framework is
unfortunately not present in the currently available tools
and both novel and useful.

9

Another aspect of this work is the overall view it pro-
vides for validation. All current tools provide a very local
view of validation, typically centered on a single amino acid
or clash. This is often misleading as errors often propagate
in non-intuitive ways and clusters of errors can usually be
resolved together, if one is aware that they are there in the
first place.

For an evaluation people would have to actually work
with the software. There are many more ephemeral issues
which only become apparent when you work for prolonged
periods with the software. What is pretty evident is the
immediate improvement in visual presentation and data
availability in the current implementation. It looks a lot
better and easier to work with compared to what we have.

6 CONCLUSION

This work describes a framework for visual validation and
verification of atomic models. The main component, the
residue quality plot, is based on 2D heatmaps and visualizes
the structure along with different validation metrics in a
linear fashion. Thereby, it provides a compact overview over
the atomic model and serves as navigational interface by
means of brushing and linking. The visualization is aug-
mented with additional plots and a molecular visualization
for spatial context.

We used an iterative process involving domain experts
to develop the framework with the goal of augmenting the
currently established cryo-EM modeling pipeline. Design
decisions were taken in close collaboration with domain
experts in the field of structural biology. Visualization con-
cepts uncommon in this field, like the parallel coordinates,
were considered interesting but not required for validation
and, thus, not utilized. The framework is able to highlight
problematic areas with overlapping atoms, deviating bind-
ing angles, and more by incorporating data from established
validation metrics. The main reason that the modeler wants
to know the precise location of a problematic area so the
molecular model can be fixed to address the issue rather
than investigating correlations. In contrast to other existing
tools, the available metrics are shown at the same time in-
stead of individually. Additionally, local resolution informa-
tion derived from the cryo-EM map is utilized to emphasize
and filter areas where the underlying data provides more
confidence.

The capabilities of visual environment were demon-
strated with a few examples. Even though the presented
datasets stem exclusively from cryo-EM, the framework is
readily applicable to other modalities like X-ray crystallog-
raphy, homology modeling, and structure prediction using
Al and machine learning. Due to its extensible support for
general per-residue validation metrics, additional metrics
are easily included such as metrics particular to crystal-
lography and pLDDT (predicted local distance difference
test) in structure predictions. The same also applies to
modeling structures using multi-modal workflows, the com-
mon factor being a validation based on per-residue metrics.
Considering recent advances in the field, validation and
verification will play an even bigger part when releasing
new atomic models. This is especially true for the prediction
of protein structures using machine learning, for example
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AlphaFold [24], where many new structures are discovered
in a short time.

For future work, we like to connect the framework di-
rectly to the PHENIX tool suite [14] since obtaining the vari-
ous metrics from model validation is a cumbersome process
for the time being. This would enable visual inspection and
verification in sync with model validation, while a direct
data transfer will simplify the multi-step preprocessing and
also reach a wider audience.
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