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Abstract: Elucidating protein rigidity offers insights about protein conformational changes. An
understanding of protein motion can help speed drug development, and provide general insights
into the dynamic behaviors of biomolecules. Existing rigidity analysis techniques employ fine-
grained, all-atom modeling, which has a costly run-time, particularly for proteins made up of more
than 500 residues. In this work, we introduce coarse-grained rigidity analysis, and showcase that it
provides flexibility information about a protein that is similar in accuracy to an all-atom modeling
approach. We assess the accuracy of the coarse-grained method relative to an all-atom approach
via a comparison metric that reasons about the largest rigid clusters of the two methods. The
apparent symmetry between the all-atom and coarse-grained methods yields very similar results,
but the coarse-grained method routinely exhibits 40% reduced run-times. The CGRAP web server
outputs rigid cluster information, and provides data visualization capabilities, including a interactive

protein visualizer.
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1. Introduction

Directly observing how proteins flex and bend is not possible because the timescales
involved are microseconds for conformational transitions and down to nanoseconds for
sidechain fluctuations [1]. Information about protein motion is critical nonetheless to un-
derstanding a wide range of biophysical phenomena, including ligand and drug design [2],
and understanding of protein-protein docking [3]. X-ray crystallography based approaches
pose significant limitations because they offer a single, averaged static screenshot of a
protein in its most stable crystallographic state [4]. Wet-lab experimental techniques such
as nuclear magnetic resonance (NMR) are able to produce ensembles of conformations, but
even they have limitations [5]. There are a variety of computational approaches that are
available, some developed prior to 2000, that complement wet-lab techniques [6-8].

In past works, combinatorial pebble-game approaches for identifying the rigid and
flexible regions of proteins have been developed [9]. Those approaches, albeit fast and
efficient, assumed an all-atom modeling approach. Consequently, they did not scale well
when the count of residues in the protein was more than 500; biomolecules composed of
more than 1000 residues needed tens of minutes of compute time. There are currently
upwards of 40,000 proteins in the PDB with 1000 or more residues, and thus it is not possible
to analyze their rigidity in near real-time using existing all-atom based approaches.

For this work, we present a novel and first-ever coarse-grained pebble-game rigidity
analysis method. Our motivation is to reduce in complexity the mechanical model of a
protein, but whose analysis nonetheless yields similar results to the all-atom approach. Our
coarse-grained approach works because of the structural symmetry that exists between the
two methods. Both approaches reason about the degrees of freedom among the residues;
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the all-atom approach builds a mechanical model at the atomic level, whereas the coarse-
grained approach in CGRAP reasons about a mechanical model at the residue level.

Like our previous all-atom combinatorial approach [9], our coarse-grained approach
builds a mechanical model of a biomolecule, from which an associated graph is built, which
is then analyzed using a pebble game algorithm, to infer which portions of the protein are
members of rigid clusters. We developed our coarse-grained approach in which all residues
are modeled as a single body in the mechanical model of the protein, which is in stark
contrast to all other all-atom approaches. Consequently, this vastly reduces the complexity
of the associated graph relative to an all-atom modeling approach, which provides a vast
speedup, allowing up to a 50% reduction in run-time.

2. Background and Related Work

Computational-based approaches for identifying the rigid regions of proteins dates
back to the late 1990s. ASU-FIRST, and KINARLI, are the two most popular approaches,
which we describe here.

2.1. Rigidity Analysis

The study of rigidity dates back to James Clerk Maxwell’s pioneering work in the
1800s on trusses [10], and more recently work by Laman [11] and Tay [12]. Michael
Thorpe and others in the past few decades have performed pioneering work in rigidity of
biomolecules [13,14]. Analyzing the rigidity of biomolecular structures involves multiple
steps. First, the placement of bonds and other stabilizing interactions among the atoms of a
protein is used to compose a mechanical model of composed of bodies, bars and hinges, in
what is known as a bar-and-joint-framework. From the mechanical model, an associated
multigraph is built, in which bodies represent the vertices, while covalent bonds, along
with stabilizing interactions such as hydrogen bonds and hydrophobic interactions among
the bodies in the mechanical model, represent the edges. The number of edges between
any two nodes in the multigraph represents the type of bond that exists between the
two corresponding bodies in the mechanical model of the molecule. The body-bar-hinge
framework allows analyzing two- and three-dimensional structures [11]. Efficient pebble
game algorithms permit analyzing the body-bar-hinge-framework [15,16], and thus permit
inferring the flexible and rigid regions of biomolecues.

2.2. MSU-FIRST and FlexWeb

MSU-FIRST was the the first protein rigidity analysis software suite. It was a patented
command-line program dependent on a mechanical model (called bar-and-joint) of a
protein, and which utilized a heuristic pebble game algorithm for 3D bar-and-joint struc-
tures [17]. An extension to it was ASU-FIRST, which was made available through the
FlexWeb server. ASU-FIRST, unlike MSU-FIRST, identified hydrogen bonds using its
own internal function, and it implemented a variant of the Mayo energy potential [18] to
calculate their energies. FlexWeb is no longer publicly available.

2.3. KINARI

KINARI is the second generation protein rigidity analysis software suite that was
developed in 2011, whose web server [9] offered a variety of visualization tools to explore
the rigid and flexible regions of proteins. Although the KINARI codebase via a library is
still available [19], the visualization capabilities of KINARI Web are no longer operational.
KINARI uses HBPLUS [20] to identify hydrogen bonds, which implements a slightly
different variant of the Mayo energy function. The primary difference between KINARI
and FlexWeb is how atoms are modeled. KINARI makes a mechanical model where rigid
bodies of atoms are connected by hinges which are rotatable bonds, while FlexWeb models
the protein using a special kind of multi-graph, in which vertices represent atoms and
an edge represents the loss of a single degree of freedom between the atoms. Although
the modeling of atoms and their interactions is different among KINARI and FlexWeb,



Symmetry 2021, 13, 2401

30f12

their rigidity results are comparable [21]. KINARI has been used widely, for a variety of
applications, including modeling the motions of loops [22], to infer the effects of protein
point substitutions [23], to sampling protein conformational pathways [24].

3. Methods

The CGRAP web server implements the first-ever coarse-grained rigidity analysis of
proteins, and includes a visualizer to explore the rigid regions of a biomolecule. In this
section, we present the coarse-grained rigidity analysis approach, and present a metric to
quantitatively compare KINARI's all-atom rigidity analysis to the coarse-grained rigidity
results of CGRAP. The rigidity analysis method implemented in CGRAP involves a coarse-
grain representation of a protein, from which a mechanical model is built. It is converted to
an associated graph, which is analyzed using a pebble game algorithm, which indirectly
infers the rigid regions of the biomolecule in the PDB file. The flexible regions of a protein
are composed of those atoms that are not members of the larger rigid clusters, and are only
indirectly identified by CGRAP. Explicitly identifying the flexible regions of a protein we
leave to future work. The entire compute pipeline is summarized in Figure 1.
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Figure 1. CGRAP pipeline and server: the input is a PDB file, to which hydrogen atoms are added,
and bonds and stabilizing interactions such as hydrogen bonds (red) are identified (1). The generated
Body-Bar Mechanical Model is a linkage-like structure where bodies are the residues and linkages
among them represent covalent bonds, hydrogen bonds, disulfide bonds, or hydrophobic interactions
(2). A multigraph of the mechanical model is built, on which the pebble game is run (3), which
identifies the rigid clusters and thus the rigid regions of the protein (4).

3.1. Coarse-Grained Body-Bar Mechanical Model

Similar to ASU-FIRST and KINARI, CGRAP identifies covalent bonds and stabilizing
interactions such as hydrogen bonds and hydrophobic interactions among the atoms of a
user-identified PDB file. If CGRAP is invoked on a PDB file whose structure was resolved
X-ray crystallographically, CGRAP identifies and adds hydrogen atoms.

Next, the atoms and bonds in the PDB file are modelled as a mechanical framework.
It is at this stage that the coarse-grained approach differs significantly from KINARI and
FlexWeb, which employ an all-atom approach. In KINARI's (left portion of Figure 2), each
atom along with the atoms that it directly bonds to, are modeled as a body. Thus, a single
residue is composed of many bodies. In CGRAP, however, all of the atoms in a residue are
modeled as a single body (right portion of Figure 2). Because the molecular framework
of the KINARI approach is fine-grained with a residue made up of many bodies, but in
CGRAP, all atoms of a residue are represented by a single body, the resulting mechanical
models of both approaches differ greatly (Figure 3).
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Figure 2. All-atom versus coarse-grained modeling of amino acids. In KINARI's all-atom approach,
(left) each atom along with the atoms that it directly bonds to, are modeled as a body. Thus Proline is
made up of 6 overlapping bodies. When two bodies both contain the atoms that are the end points
of a covalent bond (A and B, left), that constitutes a hinge. For CGRAP (right), all of the atoms in
Profile are part of a single body.

Figure 3. All-atom versus coarse-grained mechanical models of proteins. The bodies of the mechani-
cal model for KINARI (left) and CGRAP (right) for protein 6UDW. Atoms are represented by spheres,
and each body is represented by a different color. Thus the all-atom approach is made up of many
more bodies than CGRAP.

3.2. Coarse-Grained Associated Graph

From the mechanical model, CGRAP builds an associated multigraph, on which the
(6,6) pebble game algorithm [15] is run. Each body in the mechanical model is represented
as a node in the associated multigraph, and bonds between the bodies of the mechanical
model are modeled as edges. Here, also, CGRAP differs significantly from KINARIL In
KINARI's, any two atoms that constitute the end-points of a rotatable bond, when contained
in two overlapping bodies (atoms A and B, among the blue and red bodies in Figure 2
left), are modeled as two nodes in the associated graph. In the all-atom approach, between
such two nodes, there are placed 5 edges in the associated graph, to model the 1 degree
of freedom of a hinge joint. In CGRAP, because a node in the graph represents an entire
residue, there are far fewer nodes in the multigraph. Ultimately it is the reduced number
of bodies in the mechanical model in CGRAP, and thus associated graph, that permits a
significant speedup of the pebble game algorithm. For PDB file budw for example, in the
all-atom modeling approach employed by KINARI, there are 38 vertices and 232 edges in
the associated graph, but in CGRAP, there are 19 vertices and 128 edges. The body-bar
mechanical model in CGRAP has on average 49% fewer bodies than KINARI's body-bar-
hinge framework.

In CGRAP, because there are no overlapping bodies, the only chemical bonds are those
that exist between residues, including single covalent bonds, disulfide bonds, hydrogen
bonds, and hydrophobic interactions. In KINARI, hinges, hydrophobic interactions, hy-
drogen bonds, and single covalent bonds are modeled as 3, 5, 5, and 5 bars, respectively,
where an increased number of bars represents mechanically fewer degrees of freedom, and
biophysically represents a greater bond strength. In KINARI, the default modeling is that
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single covalent bonds are modeled as hinges, which represent 1 degree of rotational free-
dom among two bodies that each contain the two atoms engaged in a stabilizing interaction
(Figure 2 left).

In CGRAP, to attain coarse-grained rigidity results that matched best with the all-atom
approach, we performed a parameter sweep of the modeling options for all bond types. For
hydrogen bonds, hydrophobic tethers, single covalent bonds, and double covalent bonds,
all 4096 combinations of these 4 were modelled as a hinge, 1-6 bars, or nothing, and this was
tested on a subset of 10 proteins. The accuracy was determined using our TLCCS metric
(see Section 3.3). After narrowing down the models to those that consistently performed
well, then increasing the subset of proteins tested on to 100, the most accurate modelling
for CGRAP was found when hydrogen bonds were modeled as 6 bars, hydrophobic tethers
as 5 bars, covalent bonds as 2 bars, and double covalent bonds as zero bars. These are the
default modeling options for CGRAP.

3.3. Metrics for Rigidity Analysis Comparison

To assess the ability of the coarse-grained approach relative to the all-atom analysis
performed by KINARI, we developed a metric for comparing the first and second largest
rigid clusters of both methods. The metric, Two Largest Cluster Comparison Score (TLCCS),
takes into account the size differences between the largest and second-largest clusters of
KINARI and CGRAP, as well the percent of atoms that overlap between the two methods’
largest clusters. We chose to rely on the two largest rigid clusters only because these
represent the most prominent rigid components of a protein, which represent the rigidity

that exists at the domain level [25].

num overlapping atoms
num atoms in all-atom approach)
between the two models’ largest clusters and divides them by 1 + the percent difference

of the sizes between the two models’ first and second largest clusters. This ensures the
relevant information about the largest two clusters, and therefore the most important
factors of a protein’s rigidity, are used as the measure of rigid cluster comparison. The
closer TLCCS is to 1, the more similar the two largest rigid clusters are among the two
modeling approaches.

TLCCS takes the percent of overlapping atoms (

AALCNCGLC

B AALCS
TLCCS = 14 [AALCS—CGLCS| +]AASLCS—CGSLCS]|

AALCS

where AA = all-atom rigidity analysis, CG = coarse-grained rigidity analysis, LCS = largest
cluster size, and SLCS = second largest cluster size.

3.4. Server

The web server for CGRAP is at http:/ /cgrap.cs.wwu.edu (accessed on 16 Novem-
ber 2021). The server is Scala-based and uses the Play web framework, Bootstrap, and
jQuery [26]. Portions of CGRAP are also written in TypeScript and transpiled for the
browser using Webpack. CGRAP runs in a Docker container behind an nginx reverse-
proxy on an Azure Cloud VM and is deployed via an automated CI/CD build/deployment
pipeline on Azure DevOps. On the landing page, the user inputs the PDB ID and chain
to be analyzed. CGRAP identifies hydrogen atoms, bonds, and stabilizing interactions
(Step 1, Figure 1), builds the body-bar mechanical model (Step 2, Figure 1), runs the pebble
game (Step 3, Figure 1), and from the pebble game results infers the rigid regions of the
protein, which are shown via a protein interactive visualizer accompanied with several
plots detailing the specifics of rigid clusters (Step 4, Figure 1). The resulting analysis of the
protein is displayed using the Molstar 3D visualizer [27], which offers a variety of data
visualization features for rotating, zooming in on, highlighting, etc., the protein and its
rigid clusters. Interactive graphs made with D3 js [28] are displayed as well, showing the
distribution of rigid clusters and the atoms among the five largest clusters.
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4. Results

To showcase the utility of CGRAP relative to KINARI's all-atom approach, we analyzed
the rigidity of 9046 proteins using both methods. For each protein, we tallied the run-time of
both approaches, and calculated the TLCCS score (Table 1). We group the 9046 proteins into 5
bins based on TLCCS scores: best (TLCCS > 0.7), excellent (0.7 > TLCCS > 0.6), very good
(0.6 > TLCCS > 0.5), good (0.5 > TLCCS > 0.4), and fair (0.4 > TLCCS). We chose the names for
the bins based on the fact that for all proteins except for those in the fair bin, rigidity results
for the coarse-grained method were still visually very similar to the all-atom approach. The
highest TLCCS score recorded was 0.85 for PDB file 4jOt.

In addition to the numeric metric, we also developed an in-house Python script for
displaying the rigid clusters of a protein. This was needed because KINARI Web no longer
provides visualization capabilities of the rigidity results, but we needed to visually compare
the rigidity of a protein as determined via KINARI's all-atom approach versus CGRAP.

Table 1. KINARI all-atom versus CGRAP Rigidity Analysis. LC = Largest Cluster. SLC = Second
Largest Cluster. #Prot = number of proteins in bin. RTpg = CGRAP’s run-time as percentage of
KINARI's run-time. #A 4,4 = average count of atoms among all proteins in that bin. ASizerc,s1c =
difference in size (count of atoms) among the LC and SLC. ASLC,¢ = difference in size (count of
atoms) for the SLC. LCyyer1qp = the percentage of atoms in the LC in the all-atom approach that also
are in the LC via CGRAP. See Section 3.3 for a motivation for these metrics.

Bin  #Prot RTay, #Aay ASizercsic ASLCang LCovertap TLCCSaog

best 2133 66% 5358 12% 46 83% 0.73
excellent 2292 67% 4847 20% 68 80% 0.65
very good 1993 68% 4311 34% 121 76% 0.56

good 1058 68% 4227 69% 295 72% 0.43

fair 1570 70% 3795 184% 322 49% 0.21

4.1. Bin: Best

The 2133 proteins in the best bin had a CGRAP run-time that was 33.3% faster than
KINARI, yet the CGRAP rigidity results were very similar to that of the all-atom approach.
This represents the best trade-off of accuracy for speed gain. An example protein from
the best bin is 5ers (Figure 4). The largest cluster changed from 3060 atoms in the all-
atom approach, to 3054 atoms using CGRAP, and the second largest cluster changed from
1049 atoms to 1206. A total of 72% of the atoms in the largest cluster using KINARI are
contained in the largest cluster identified using CGRAP. PDB files 1yvs and 5kw5, are
additional examples of proteins whose rigidity results via CGRAP are very similar relative
to KINARI's all-atom approach (Figures 5 and 6), but which still saw a significant speedup
in compute time using CGRAP’s coarse-grained approach.

e = -

¢ Reg, .5

i, - AN -

AR YR
%5 L

Figure 4. PDB bers all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid clusters
are colored, in decreasing order of size, Orange, Yellow, Blue, Green, and Red, with the atoms of all
other clusters colored black. The apparent shape discrepancy is due to the atoms colored black being
slightly smaller than the colored atoms, meant to highlight the largest clusters.
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Figure 5. PDB lyvs all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid clusters
are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red, with all other clusters
colored black.

Figure 6. PDB 5kwb5 all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid clusters
are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red, with all other clusters
colored black.

4.2. Bin: Excellent

The average run-time decrease using CGRAP in this bin was 32.6% relative to the
run-time of KINARI's all-atom rigidity analysis. An example protein from this bin is 2yym
(Figure 7), whose largest cluster changed from 4827 atoms in the all-atom analysis, to 5970,
and the second largest cluster changed from 159 atoms to 202. A total of 82% of the atoms
in the largest cluster as identified using KINARI were contained in the largest cluster found
by CGRAP.

Figure 7. PDB 2yym all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid clusters
are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red, with all other clusters
colored black.

4.3. Bin: Very Good

The average run-time of the coarse-grained rigidity analysis approach decrease in this
bin was 31.9% relative to KINARI's all-atom approach. An example protein from the very
good bin is 1b5v (Figure 8), whose largest cluster changed from 717 atoms in the all-atom
approach to 1190 in CGRAP, and the second largest cluster changed from 458 to 342 atoms.
A total of 91% of the atoms in the all-atom approach largest cluster are contained in the
largest cluster identified by CGRAP.
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Figure 8. PDB 1b5v all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid clusters
are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red, with all other clusters
colored black.

4.4. Bin: Good

The average run-time decrease of the coarse-grained approach in this bin was 31.4%
relative to KINARI'’s all-atom rigidity analysis. An example protein that was earmarked
as a good tradeoff of accuracy loss for speed gain, using TLCCS, is 5utd (Figure 9). The
largest cluster changed from 1001 atoms in the all-atom approach to 1847 in CGRAP, and
the second largest cluster changed from 207 atoms to 98. A total of 81% of the atoms in the
all-atom model’s largest cluster are contained in the largest cluster identified via CGRAP.
Although 5utd’s TLCCS score was just 0.45, note that visually, CGRAP’s rigidity results are
still very similar to KINARI's all-atom rigidity analysis.

Figure 9. PDB 5utd all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid clusters
are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red, with all other clusters
colored black.

4.5. Bin: Fair

The average run-time decrease using CGRAP in this bin was 29.6% relative to KI-
NARTI’s all-atom rigidity analysis. An example protein that we considered a fair tradeoff
of accuracy for speed gain is 6fs9 (Figure 10). The largest cluster changed from 627 atoms
to 1973, and the second largest cluster changed from 231 atoms to 129. A total of 75% of the
atoms in the all-atom model’s largest cluster are contained in the largest cluster identified
via CGRAP.
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Figure 10. PDB 6fs9 all-atom rigidity analysis (left), and CGRAP (right). The 5 largest rigid rigid
clusters are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red, with all other
atoms colored black.

4.6. Large Proteins

In addition to assessing the quality of CGRAP’s results relative to KINARI's all-atom
approach, we also looked closely at very large proteins, because their coarse-grained
rigidity analysis is poised to realize significant speedup relative to KINARI's all-atom
approach. Indeed the quality of CGRAP’s results for very large proteins, is also very good,
indicating that the small loss of accuracy is nonetheless a fair tradeoff for the reduced time
needed to preform the analysis. Proteins 2v0c, 4178, and 5yna (Figures 11-13) are three
such proteins.

PDB file 2v0c is composed of 13,070 atoms and rigidity analysis using CGRAP had
a speedup of 40%, or 98 s, relative to the run-time of KINARI's all-atom approach. The
largest cluster changed from 6928 atoms in the all-atom approach to 7462 via CGRAP, and
the second largest cluster changed from 1578 atoms to 2219. A total of 79% of the atoms in
the largest cluster identified using KINARI are contained in the largest cluster identified
using CGRAP.

Figure 11. PDB 2v0c, made up of 13,070 atoms, all-atom rigidity analysis (left), and CGRAP (right).
The 5 largest rigid clusters are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red,
with all other atoms among other clusters colored black.

Figure 12. PDB 4178, made up of 19,489 atoms, all-atom rigidity analysis (left), and CGRAP (right).
The 5 largest rigid clusters are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red,
with all other atoms among other clusters colored black.
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PDB file 5yna is made up of 15,829 atoms, and analyzing its rigidity using CGRAP
was 36% faster, or a savings of 130 s, versus the run-time of KINARI. The largest cluster
changed from 9608 atoms in the all-atom approach to 9397 in the results from CGRAP, and
the second largest cluster changed from 1209 atoms to 1289. A total of 74% of the atoms in
the largest cluster as inferred via KINARI are contained in the largest cluster as inferred
via CGRAP.

Figure 13. PDB 5yna, made up of 15,829 atoms, all-atom rigidity analysis (left), and CGRAP (right).
The 5 largest rigid clusters are colored, in decreasing order of size, Orange, Yellow, Blue, Green, Red,
with all other atoms among other clusters colored black.

PDB file 4178, the largest protein that we analyzed, is made up of 19,489 atoms among
1285 residues. Using CGRAP we saw a speedup of 38%, or 202 s, relative to KINARI. The
largest cluster changed from 13,352 atoms in the output of KINARI to 15,418 atoms in the
output of CGRAP, and the second largest cluster changed from 113 atoms to 119. A total of
85% of the atoms the largest rigid cluster via KINARI are contained in the largest cluster
identified using CGRAP.

4.7. Speedup Using CGRAP

All-in-all, the speedup of using a coarse-grained approach as implemented in CGRAP
relative to the all-atom approach in KINARI, is shown in Figure 14. Proteins larger than
about 2000 atoms routinely saw a reduced run-time of 35% relative to the all-atom approach,
and upwards of 50% reduced run-times.

Runtime Comparison

CG Runtime/All-Atom Runtime

0 2000 4000 6000 8000 10000 12000 14000
Protein Size (Atoms)

Figure 14. Ratio of coarse-grained rigidity analysis run-time (CGRAP) versus the run-time of an all-
atom rigidity analysis via KINARI, versus number of atoms in the protein. Not shown: five proteins
greater than 14,000 atoms, including the largest at 19,489, also had ratio run-times of approximately

0.65. CG = coarse-grained.



Symmetry 2021, 13, 2401

11 of 12

5. Discussion

The ultimate goal of our coarse-grained approach is to reduce the run-time of the
pebble game for protein rigidity analysis, but at the same time minimize the loss of accuracy.

We see from the data (Table 1 and Figure 14) that CGRAP does in fact reduce the
run-time for nearly all proteins compared to an all-atom approach, with an average run-
time reduction of 32.5%. Some run-times via a coarse-grained approach were reduced as
much as 50% relative to the all-atom method implemented in KINARI. Larger proteins can
require up to tens of minutes of compute time via an all-atom rigidity analysis approach,
so a 40-50% reduction in run-time via a coarse-grained approach permits a user to nearly
double the number of proteins that can be analyzed otherwise.

The TLCCS metric reveals that in many cases, the coarse-grained approach imple-
mented via CGRAP produced rigidity results that are very comparable to the all-atom
rigidity analysis approach (Table 1). The 6418 proteins among the best, excellent and very
good bins of proteins as assessed via TLCCS represent 70% of all proteins that we studied.
In addition, even those proteins whose coarse-grained rigidity analysis we deemed as
good relative to the all-atom KINARI method, still often identified the two largest clusters
as being located near to where they are in the all-atom approach, and otherwise bear a
noticeable resemblance to the all-atom modeling method (Figure 9).

Those proteins for which a coarse-grained rigidity analysis yielded results that were
fair relative to an all-atom approach represent 17% of the proteins that we tested (Figure 10
is an example). Fortunately, as can be seen in Table 1, those proteins also represent the
smallest proteins in our data set of 9046 PDF files, with an average size of 3795 atoms.
Thus, a rule of thumb might be that proteins larger than 5000 atoms be analyzed via a
coarse-grained approach, whose results will be good relative to an all-atom approach, but
whose speed gain will nonetheless be significant.

Our analysis of several very large proteins for which a coarse-grained analysis worked
well, we consider extra noteworthy. The three proteins in Figures 11-13 are among the
largest proteins that we analyzed, and whose quality of their rigidity results via CGRAP
we calculate as best when compared to the all-atom approach. For these, the largest and
second largest clusters are at the correct positions and are approximately the same size of
the largest and second largest clusters in the all-atom approach.

6. Conclusions

In this work, we present the first coarse-grained, residue-level rigidity analysis ap-
proach that models proteins as body-bar structures, and analyzes their rigidity via a pebble
game algorithm. Relative to an all-atom approach that is available via KINARI, we show
quantitatively via a comparison metric that the results of our coarse-grained rigidity analy-
sis are often very comparable to the all-atom approach, while routinely requiring 40% less
compute time, and sometimes exhibiting a speedup of up to 50%. Such a speedup in run-
time, while not jeopardizing accuracy, can facilitate a timely comparative analyses of many
protein variants. This is especially true of very large proteins, as for example the spike
protein of SARS-Cov2, which is made up for 1281 residues (PDB 6vxx), whose mutations
have significant implications in the global efforts to combat the COVID-19 pandemic.

Author Contributions: Conceptualization, EJ.; methodology, EJ., A.T. and A.Z,; validation, EJ. and
A.T,; formal analysis, FJ. and A.T.; data curation, A.T. and A.Z.; writing—original draft preparation,
A.Z.and A.T,; writing—review and editing, E].; software, D.T., A.T., A.Z., LJ. and L.W,; supervision,
F].; project administration, FJ.; funding acquisition, EJ. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by NSF EAGER grant 2031283.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Symmetry 2021, 13, 2401 12 of 12

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, Y; Havenith, M. Perspective: Watching low-frequency vibrations of water in biomolecular recognition by THz spectroscopy.
J. Chem. Phys. 2015, 143, 170901. [CrossRef] [PubMed]

2. Teague, S.J. Implications of protein flexibility for drug discovery. Nat. Rev. Drug Discov. 2003, 2, 527-541. [CrossRef]

3. Bonvin, A.M. Flexible protein—protein docking. Curr. Opin. Struct. Biol. 2006, 16, 194-200. [CrossRef]

4. Davis, AM.; Teague, S.J.; Kleywegt, G.J. Application and limitations of X-ray crystallographic data in structure-based ligand and
drug design. Angew. Chem. Int. Ed. 2003, 42, 2718-2736. [CrossRef]

5. del Carmen Ferndndez-Alonso, M.; Diaz, D.; Alvaro Berbis, M.; Marcelo, F; Jimenez-Barbero, ]. Protein-carbohydrate interactions
studied by NMR: From molecular recognition to drug design. Curr. Protein Pept. Sci. 2012, 13, 816-830. [CrossRef]

6.  Jamroz, M.; Kolinski, A.; Kmiecik, S. CABS-flex predictions of protein flexibility compared with NMR ensembles. Bioinformatics
2014, 30, 2150-2154. [CrossRef] [PubMed]

7. Kubinyi, H. Combinatorial and computational approaches in structure-based drug design. Curr. Opin. Drug Discov. Dev. 1998,
1,16-27.

8.  Comeau, S.R,; Gatchell, D.W.; Vajda, S.; Camacho, C.J. ClusPro: A fully automated algorithm for protein—protein docking. Nucleic
Acids Res. 2004, 32, W96-W99. [CrossRef] [PubMed]

9. Jagodzinski, F; Hardy, J.; Streinu, I. Using rigidity analysis to probe mutation-induced structural changes in proteins. In
Proceedings of the 2011 IEEE International Conference on Bioinformatics and Biomedicine Workshops (BIBMW), Atlanta, GA,
USA, 12-15 November 2011; pp. 432—437. [CrossRef]

10. Maxwell, J.C. XLV. On reciprocal figures and diagrams of forces. Lond. Edinb. Dublin Philos. Mag. ]. Sci. 1864, 27, 250-261.
[CrossRef]

11. Laman, G. On graphs and rigidity of plane skeletal structures. |. Eng. Math. 1970, 4, 331-340. [CrossRef]

12.  Tay, T.S. Rigidity of multi-graphs. I. Linking rigid bodies in n-space. J. Comb. Theory Ser. B 1984, 36, 95-112. [CrossRef]

13.  Thorpe, M.E. Continuous deformations in random networks. J.-Non-Cryst. Solids 1983, 57, 355-370. [CrossRef]

14. Hermans, S.M.; Pfleger, C.; Nutschel, C.; Hanke, C.A.; Gohlke, H. Rigidity theory for biomolecules: Concepts, software, and
applications. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2017, 7, e1311. [CrossRef]

15. Lee, A,; Streinu, I. Pebble game algorithms and sparse graphs. Discret. Math. 2008, 308, 1425-1437. [CrossRef]

16. Jacobs, D.J.; Thorpe, M.F. Generic Rigidity Percolation: The Pebble Game. Phys. Rev. Lett. 1995, 75, 4051-4054. [CrossRef]

17. Li, T,; Tracka, M.B.; Uddin, S.; Casas-Finet, J.; Jacobs, D.J.; Livesay, D.R. Rigidity Emerges during Antibody Evolution in Three
Distinct Antibody Systems: Evidence from QSFR Analysis of Fab Fragments. PLoS Comput. Biol. 2015, 11, €1004327. [CrossRef]

18. Dabhiyat, B.; Gordon, D.; Mayo, S. Automated design of the surface positions of protein helices. Protein Sci. Publ. Protein Soc. 1997,
6,1333-1337. [CrossRef] [PubMed]

19. Fox, N.; Jagodzinski, F; Streinu, I. KINARI-Lib: A C++ library for mechanical modeling and pebble game rigidity analysis. In
Proceedings of the Minisymposium on Publicly Available Geometric/Topological Software, Chapel Hill, NC, USA, 17-19 June
2012.

20. McDonald, LK.; Thornton, ].M. Satisfying Hydrogen Bonding Potential in Proteins. ]. Mol. Biol. 1994, 238, 777-793. [CrossRef]

21. Fox, N.; Jagodzinski, F; Li, Y.; Streinu, I. KINARI-Web: A server for protein rigidity analysis. Nucleic Acids Res. 2011,
39, W177-W183. [CrossRef] [PubMed]

22.  Shehu, A.; Kavraki, L.E. Modeling structures and motions of loops in protein molecules. Entropy 2012, 14, 252. [CrossRef]

23.  Dehghanpoor, R.; Ricks, E.; Hursh, K.; Gunderson, S.; Farhoodi, R.; Haspel, N.; Hutchinson, B.; Jagodzinski, F. Predicting the
effect of single and multiple mutations on protein structural stability. Molecules 2018, 23, 251. [CrossRef] [PubMed]

24.  Luo, D.; Haspel, N. Multi-resolution rigidity-based sampling of protein conformational paths. In Proceedings of the International
Conference on Bioinformatics, Computational Biology and Biomedical Informatics, Washington, DC, USA, 22-25 September 2013;
pp- 786-792.

25.  Andersson, E.; Hsieh, R.; Szeto, H.; Farhoodi, R.; Haspel, N.; Jagodzinski, F. Assessing how multiple mutations affect protein
stability using rigid cluster size distributions. In Proceedings of the 2016 IEEE 6th International Conference on Computational
Advances in Bio and Medical Sciences (ICCABS), Atlanta, GA, USA, 13-15 October 2016; pp. 1-6.

26. Odersky, M.; Spoon, L.; Venners, B. Programming in Scala; Artima Inc.: Walnut Creek, CA, USA, 2008.

27. Sehnal, D.; Bittrich, S.; Deshpande, M.; Svobodova, R.; Berka, K.; Bazgier, V.; Velankar, S.; Burley, S.K.; Ko¢a, J.; Rose, A.S.
Mol* Viewer: Modern web app for 3D visualization and analysis of large biomolecular structures. Nucleic Acids Res. 2021, 49,
W431-W437. [CrossRef] [PubMed]

28.  Zhu, N.Q. Data Visualization with D3. js Cookbook; Packt Publishing Ltd.: Birmingham, UK, 2013.



	Introduction
	Background and Related Work
	Rigidity Analysis
	MSU-FIRST and FlexWeb
	KINARI

	Methods
	Coarse-Grained Body-Bar Mechanical Model
	Coarse-Grained Associated Graph
	Metrics for Rigidity Analysis Comparison
	Server

	Results
	Bin: Best
	Bin: Excellent
	Bin: Very Good
	Bin: Good
	Bin: Fair
	Large Proteins
	Speedup Using CGRAP

	Discussion
	Conclusions
	References

