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Abstract: Rational drug design aims to develop pharmaceutical agents that impart maximal
therapeutic benefits via their interaction with their intended biological targets. In the past several
decades, advances in computational tools that inform wet-lab techniques have aided the development
of a wide variety of new medicines with high efficacies. Nonetheless, drug development remains
a time and cost intensive process. In this work, we have developed a computational pipeline for
assessing how individual atoms contribute to a ligand’s effect on the structural stability of a biological
target. Our approach takes as input a protein-ligand resolved PDB structure file and systematically
generates all possible ligand variants. We assess how the atomic-level edits to the ligand alter the
drug’s effect via a graph theoretic rigidity analysis approach. We demonstrate, via four case studies
of common drugs, the utility of our pipeline and corroborate our analyses with known biophysical
properties of the medicines, as reported in the literature.

Keywords: ligand engineering; rigidity analysis

1. Introduction

The drug discovery and development process has advanced greatly over the last few decades. This
is in part due to both an increased understanding of the biochemistry and biophysics of protein-ligand
interactions and to the improvement in wet-lab methods of in vitro screening of novel drugs. Wet-lab
methods offer the option to scan through thousands of compounds using techniques, such as
high-throughput screening [1] or deep mutational scanning [2]. With this increased understanding of
protein-ligand interactions, many novel approaches to drug design have been created both in silico
and in vitro. These approaches include exploring enzyme flexibility [3], maximizing ligand affinity
and selectivity [4,5], the use of templates [6], and the use of homology modeling [7]. A diverse
variety of computational approaches [8], accessible either as libraries or via servers, are available.
They include LEA3D [9], LigPlot+ [10], iScreen [11], e-LEA3D [12], iSmart [13], and PharmMapper [14].
These approaches employ a variety of techniques to better understand the effects of a ligand on a
protein. Among them are fragment-based modeling approaches, which have been on the rise for the
last decade [15]. Pharmacophore methods, which focus on the chemical activity of the ligand and the
interactions between the proteins and ligand, have been helpful in aiding the drug discovery process.
However, these methods need to still be improved in efficiency and efficacy in order to be used with
high success in the drug design process [16]. Approaches similar to pharmacophore-based techniques
include QSAR (quantitative structural-activity relationship), which reasons that structurally similar
compounds show similar biological activity. Chemical and physical interactions, such as hydrophobic
interactions, are used as correlation markers for biological activity [17]. Web services are also available,
including e-LEA3D, which allows a user to in silico create new ligands based on a customizable fitness
score. The score can be based on molecular properties or a protein-ligand docking score [12].
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There still remains a high percentage of late stage failures in clinical development that is attributed
to safety and efficacy concerns [18]. The safety and efficacy of a drug is partly determined in the early
stages of drug development, where computational efforts can be used to select the best drug candidates
with respect to certain parameters [17]. However, Lange et al. believe “early drug research efforts
are too reductionist” in terms of delivering parameters [19]. Consequently, the current knowledge
of protein-ligand interactions still needs to be improved in order to lower the cost and time of drug
discovery and development.

In this work, we motivate and demonstrate the use of rigidity analysis to assess the role that
each atom of a ligand has on the stability of the protein-ligand complex. Not only is our approach
quick—needing, at most, hours of compute time—compared to wet lab experiments, but it also assesses
the role of each atom in the engineered drug, which provides a level of detail that is not easily accessible
via most other methods.

2. Related Work

Previously, we have relied on rigidity analysis to gain insights about a variety of structural
and biochemical properties of biomolecules. Rigidity analysis is a fast combinatorial approach
for identifying rigid regions, or clusters, of atoms in a protein [20,21]. Atoms and their chemical
interactions are used to construct a mechanical model, from which a graph is generated, on which
pebble game algorithms [22] are used to analyze the rigidity of the associated graph and biomolecule
(Figure 1). A biomolecule may be composed of many small rigid clusters, one or more larger ones, or a
combination of both large and small rigid clusters. In our previous work, we correlated the size and
distribution of rigid clusters to a protein’s stability [23] and compared the rigidity properties of the
wild type and mutants to infer the effects of amino acid substitutions [24,25].

In this work, we systematically engineer in silico all the possible variants of the ligand in a
protein-drug complex, as well as measure the rigidity of all generated complexes as a way to infer how
individual atoms in the ligand contribute to the drug’s effect on the protein.

Figure 1. The rigidity analysis of a protein (PDB 1CRN, ( left)) identifies rigid clusters of atoms (right).
Rigidity Distance

To quantitatively compare a protein mutant to its wild type, we previously developed the Rigidity
Distance (RD) metric [26]. To assess the effects of deleting, in silico, an atom from the ligand, we
compare the count and sizes of the different rigid clusters in the wild type of the protein-ligand
complex and the protein-ligand mutant, via our RDwr—,v4rignt metric:

LRC

RDwr—svariant Z i x [WT; — Vari,
i=1

where WT refers to the non-mutated protein-drug complex, Var refers to a variant of the protein-drug
complex in which the ligand is altered in silico, and LRC is the size of the Largest Rigid Cluster (in

atoms). Each summation term of the RDyr_varian: metric calculates the difference in the count of a
specific cluster size, i, of the wild type and variant, and weights that difference by i. The weighting is
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introduced so that differences among larger clusters of rigid atoms have a greater impact on the RD
score, which we found to be the best approach in correlating the RD metric to experimental data [27].

The use of the RD metric permits us to quantitatively assess the extent that each atom in the
ligand has on the protein with which it is in complex.

3. Methods

For this work, we relied on our recently developed computational pipeline, Protein-Ligand
complex Engineering Through Rigidity Analysis (PETRA). PETRA is a multi-step system that in silico
engineers variants of ligand in a protein-drug complex and analyzes each variant using freely available
rigidity analysis software [20]. The input to PETRA is either a protein-complex structure file from the
RCSB protein data bank [28], or custom user-supplied PDB-formatted and CIF files for a protein-ligand
complex. PETRA generates all possible complex variants in which atoms are removed systematically
from the ligand. PETRA performs rigidity analysis of the wild type protein-drug complex and all of
the variants. The results of the rigidity analyses are analyzed to infer how each atom in the ligand
affects the stability of the protein-drug complex (Figure 2).
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Figure 2. Protein-Ligand complex Engineering Through Rigidity Analysis (PETRA) compute pipeline.
Dotted lines specify data; solid lines specify control flow.
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3.1. Generating Ligand Variants

To generate ligand variants, PETRA employs a depth-first traversal of a graph representation
of the drug compound (Figure 3). Each node in the graph represents a non-hydrogen atom in the
ligand. Any ligand atoms that engage in hydrogen bonds or hydrophobic interactions with the protein
have their corresponding node marked as a root node for future steps. Our approach for in silico
generating variants of a ligand leverages a depth-first search of a tree representation of a drug, in
which nodes—representing atoms—are successively pruned away. We have chosen to always retain
an atom of the ligand that engages in a stabilizing interaction with the protein because it is these
interactions that give rise to the specificity and catalytic properties of a drug. Modifying atoms that
engage in those interactions would negate the biochemical reasons why the drug was engineered in
the first place. During the pruning process, rings are condensed into single nodes because generating
all possible substructures of a ring (for example, removing a single atom from a benzene ring) is
not only biologically infeasible but also would result in a cycle in the graph representation of the
ligand compound.

z
°

(%0

Figure 3. Mock ligand and tree structure paths for generating an example set of 14 ligand variants.
The oxygen is the root of the ligand because it engages in a stabilizing interaction with the protein;
consequently, the oxygen is a member of each ligand variant. A depth-first traversal of the tree
represents successive removals of atoms. Variants (b), (c), (d), for example, are all variants that have
one atom less than the ligand that is the root of that tree (a).

From this graph, multiple tree structures are formed, each of which is rooted at any node marked
as root in the graph. When a ligand binds multiple ways to the protein via hydrogen bonds or
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hydrophobic interactions, multiple trees are generated, where each root node represents the atom in
the ligand that interacts biochemically with the protein. The tree structure allows for enumeration
of all possible sub-trees that contain the root (Figure 3). This is done through a depth-first traversal,
with each leaf returning all possible substructures in a set to prevent any duplicate substructures
across multiple trees. Note that the ligand modifications process is done without regard of whether the
atomic modifications are able to be realized via a synthesis process using existing wet-lab techniques
and without regard whether the protein and ligand would still bind. However, each ligand variant
retains at least one atom (the root) that engages in a stabilizing interaction with the protein target, and
this is done to preserve the atom that is responsible for a biochemical interaction.

3.2. Analysis and Visualizations

To better understand the effect of removing an atom from a ligand that is in complex with a
protein, we developed two rigidity-based metrics along with visualization of them. The metrics are
the average change in rigidity distance (RD) when a single atom is cut from a ligand, and the average
rigidity distance (RD) when a pairwise set of atoms is contained in the ligand variant. See Section 2 for
an overview of how we and others have used rigidity analysis to explore how point mutations affect
the structural stability of a protein.

3.2.1. SingleCut: the Role of Single Atoms

To better understand how a single atom contributes to the effect that a ligand has on the rigidity
of a protein, we calculate the change in rigidity distance for all ligand variants with a specific atom
removed from the drug. Note that the removal of atom x from a ligand may be the 1st, 2nd, ... all the
way up to the last atom to be removed, so our metric reasons about a set of ligands. When the change
in rigidity distance is high, this indicates that the singular atom in the ligand plays an important role
in how the drug affects the stability of the protein. This metric is calculated via the following:

" {y' ificj
=1 |0 ifi¢]
SingleCut, = Y = L )

iea’ m

where a’ is the set of all atoms cut from a given ligand, j is the set of cut atom(s) of the current
cut, starting from 1° cut, going to the n'/" cut, m is the number of times atom; is cut from a ligand
variant, and <’ is the change in rigidity distance (RD) of a protein when an atom is cut, calculated by
RDypefore cut — RDafter cut- We use a box plot (Figure 4) to visualize SingleCut.
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Figure 4. Box plot for SingelCut;, Equation (1). The x-axis represents a singular cut atom and y-axis
values are the average change in rigidity distance of the protein when the singular atom is cut from a
ligand variant. 1 designates involvement in a hydrophobic interaction.
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3.2.2. PairCut: The Role of Pairs of Atoms

To reason how pairs of atoms contribute to the effect that the ligand has on the protein, we take
the average rigidity distance of the ligand when a pairwise set of atoms is contained within the ligand.
We use this metric to acquire a better understanding of the effect of each atom, in combination with
another one, and how their combined presence contributes to the ligand’s effect on the rigidity of the
protein target. If the pairwise atoms that are contained in the ligand have an average rigidity distance
that is relatively low in magnitude compared to the rest of the pair-wise atoms, the atoms contained
play an important role in the ligand’s (drug’s) effect on the rigidity of the protein. The PairCut metric
lends itself to the use of a heat map (Figure 5). The PairCut metric is provided in the following equation:

v ifi,jek
> { -
PairCut Z kew |0 ifi,j €k
airCut; ; = — . )
v ijep H@G )i, A} Call

@

where B is the set of all atoms in a given ligand, « is the set of all atoms not cut at a point in time
from a given ligand variant, vy is the rigidity distance of a ligand variant that contains atom; and
atom;, A is any combination of atoms contained in a ligand variant (not including atom; or atom;), and
{(,j,A){i,j,A} C a}|is the number of ligand variants containing atom; and atom;. Note that rings
are treated as singular “atoms” because they are excised as a unit. This equation sums the rigidity
distance of each pairwise set of atoms, atom; and atom;, and then divides that sum by the number
of ligand variants containing atom; and atom; in order to find the average rigidity distance for each
pairwise set of atoms.
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Figure 5. Heat map for PairCut; ;, Equation (2). The x and y axes represent all the atoms in a given
ligand, while the colors represent the rigidity distance of a protein when each pairwise set of atoms
(i.e., C5 and O2) is contained in a ligand variant. + = Hydrogen Bond { = Hydrophobic Interaction.

3.2.3. Protein-Ligand Interactions

To aid in understanding which atoms of the ligand interact with the protein target, we relied on
the third-party software OpenEye [29] (see example interaction map shown in Figure 6).
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Figure 6. A protein-ligand interaction map generated from the third party software, OpenEye,

visualizing the interaction between PDB 2J]J8 and ligand AZZ.

4. Data Set, Run-Times

Thirty-two protein-ligand complexes were analyzed using PETRA (Table 1). Run-time and data
metrics representative of the range of protein-ligand complexes are shown in Table 2. An analysis of
PDB 2PJ6, for example, created 7989 ligand variants, generating 5.7 GB of data, and needed 6 hours of
compute time on a 6-core 3.7 GHz processor with 16GB in a docker container, enabling 6 ligand variants
generated and analyzed concurrently. As can be seen, even large PDB files had reasonable run-times.

Table 1. Twenty-two of the 32 protein-ligand complexes analyzed using PETRA.

PDBID Ligand Protein Res. HBsand HIs Num Rings Largest Changein RD Largest Rigid Cluster

1H9Z  RWF 582 5 2 ~16 1334
1HA2  SWF 582 7 2 21 1041
1TFO DKA 609 1 0 -8 3703
2BXD  RWF 1156 9 2 -23 1700
2127 SAL 581 1 1 1 1059
2127 MYR 581 8 0 -8 1059

2J78 AZZ 736 6 2 -6 2570
3B9L  MYR 582 7 0 -7 1218
3BIL AZZ 582 1 2 -9 1218
3B9M SAL 582 1 1 1 1092
3B9M  MYR 582 6 0 -7 1118
3BOM  AZZ 582 2 2 -9 1092
3BCR  AZZ 812 2 2 3 6804
31B2 IBP 341 4 1 -23 2651
3P6D ZGB 138 4 1 ~10 1422
3P6E 7GC 139 3 1 -1 1342
3P6G 1ZP 139 3 1 -3 1405
3P6H IBP 139 1 1 ~14 1475
4TR IBP 633 5 1 -21 5381
4KRA  CPF 1018 5 3 51 7271
4RS0 IBP 557 4 1 ~18 5524
6U4X IBP 580 9 1 33 3050

Table 2. Run-time and data metrics for a representative sample of the protein-ligand complexes we
analyzed. These were run on a 6-core 3.7 GHz processor with 16 GB in a docker container, with 6 ligand
variants generated then analyzed concurrently.

PDBID Num. of Residues Ligand Ligand Size Num. of Lig Variants Run Time (min) Data Size

2PJ6 306 059 32 7989 641 5.7 GB
2RKN 77 LP3 30 163 1.0 41 MB
3CYW 198 017 38 3293 104 2.2GB
3IWL 68 TCE 16 367 1.8 74 MB
3JVY 198 017 38 3293 109 2.1GB

4KRA 1023 CPF 24 72 53 147 MB
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5. Case Studies and Discussion

We focused on analyzing protein-ligand complexes of well-researched drugs for which details
about specific atoms and functional groups are available in the literature. These include Ibuprofen,
Zidovudine, Aspirin, and Ciprofloxacin. Here, we present several case studies to demonstrate the
utility of PETRA and its use in helping to better understand the roles of individual atoms in the effects
that drugs have on protein targets.

5.1. Case Study 1: Ciprofloxacin

The ligand in PDB file 4KRA, Ciprofloxacin (Figure 7), was first approved as an antibiotic drug in
1987 and is a member of a quinolone group of antibiotics [30]. The structural design of quinolones
uses quinine, which features two cyclohexenes. Before Ciprofloxacin was developed, additions to the
quinolone group included a fluorine atom and a six-sided ring. Ciprofloxacin retains the design of the
previous attempts but added a cyclopropyl group.

Residue Styles

0, 0,
f I
/C C /C F
o 3\|c;’ A\TS/ 6\|c7/ 1
C C C C
1\Nl/' 10\(:9/ E\Nz,/ 17\(:16
i i !
/Cu Cla\cg’Na
Cs—C

Figure 7. Protein-ligand map (left), and schematic (right) of Ciprofloxacin, CPFE, from PDB 4KRA.

Using PETRA, we assessed the effects that each addition to the basic foundation of the design
quinolone group has on the rigidity on the protein-ligand complex (Figure 8). When atom O3 is cut
from Ciprofloxacin, it induces the largest change, RD = 51, indicating that atom’s significant role in
the effect that the drug has on the protein target. Indeed, the 03 atom is needed for gyrase binding and
bacterial transport [30]. The two other oxygen atoms O1 and O2 (which are bonded to C3) are involved
in gyrase binding and bacterial transport, and they have a small positive effect on the median rigidity
distance. The important addition that distinguishes Ciprofloxacin is that the cyclopropyl group can
have the second largest change of 47 in rigidity distance. Biochemically, this cyclopropyl was designed
to increase the potency of the drug. Thus, the use of PETRA, and it revealing the importance of the O3
atom, appears to be corroborated by biochemical experiments performed in wet-lab settings.
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Figure 8. SingleCut metric for PDB 4KRA in complex with CPF. ring = C2,C1, N1, C10,C9,C8, C7, C6,
C5, C4, ring’ = N2,C17,C16, N3, C15,C14, ring” = C11,C12,C13. t and } designate atoms engaging in
hydrogen bonds and hydrophobic interactions, respectively.

5.2. Case Study 2: Human Serum Albumin

Human serum albumin (HSA) is a highly abundant lipid binding protein found in blood. HSA
has many functions including transportation of medicine through the body [31]. Myristic Acid (MYR)
and Decanoic Acid (DKA) are two fatty acid ligands that are known to bind to HSA [32]. For an
analysis of two ligands and their effect on HSA, we analyzed PDB files 3B9L and 1TF0. In wet-lab
studies [32], Decanoic Acid does not induce a conformational changes in HSA, perhaps due to its short
length. MYR, however, has more molecules that bind to HSA and, indeed, it induces a conformational
change. In the heat maps generated from the PairCut analysis using PETRA (Figure 9), MYR has a
larger overall change in RD, meaning the wildtype HSA has more of a change in its rigid cluster when
atoms are removed from the ligand. Future studies will assess whether a high change in RD correlates
whether a ligand will or will not produce a conformational change in the protein.

Average RD per atom for 3B9L.MYR Average RD per atom for 1TF0.DKA
.

Atom

Atom

Figure 9. PairCut; ; heatmaps for Myristic Acid in complex with Human serum albumin (HSA) ((left),
PDB 3B9L), and in complex with Decanoic Acid ((right), PDB 1TF0).  designates an atom engaging in
hydrophobic interactions.

Salicylic acid (SAL, commonly known as aspirin, Figure 10) also binds to HSA. The hydroxyl
group (Oy) participates in a hydrogen bond with one of the pocket it binds to [32]. Our visualizations
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highlight the effect of O, on HSA as it is the only atom that has a noticeable effect as determined via the
SingleCut metric. In Figure 11, the lines represent the box plots with minimal quartiles; nonetheless,
only when O; is cut, does the RD change.

Residue Styles

AZZ.SAL

Interaction Styles

Figure 10. Salicyclic Acid (left), and schematic (right) of AZT and SAL in complex with HSA,
PDB 3B9M.

Average Cut Atom RD for 3B9M SAL
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Figure 11. Box plot of SingleCut metrics for atoms in Salycylic Acid, in complex with HSA, PDB 3B9M.
The flat quartile boxes designate no variance when cut.

It has been shown that Zidovudine (AZT or AZZ) binds differently to HSA depending on whether
it is in complex with just MYR or MYR and SAL [32]. SAL out-competes AZT in its ability to bind,
meaning that AZT has more molecules that bind with HSA when only with MYR. Figure 12 represents
the PairCut metrics for two PDB files, containing HSA in complex with different ligands. PDB file
3BIL is for HSA in complex with AZT and MYR, while 3B9M is HSA in complex with AZT and MYR
and SAL. The average RD overall shown is 2 units lower for the HSA-AZT-MYR complex than the
HSA-AZT-MYR-SAL complex. Although this difference in RD metrics is small, it is in agreement with
wet-lab experiments reported in the literature.
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Figure 12. Heat maps for PairCut metrics for HSA in complex with AZT and Myristic Acid (MYR) and
SAL ((left), PDB 3B9M), and in complex with just AZT and MYR ((right), PDB 3B9L).  designates
hydrophobic interactions.

5.3. Case Study 3: Ibuprofen

Ibuprofen (CIF ID: IBP) is a chiral nonsteroidal anti-inflammatory drug (NSAID) [33] and is a
common household item. We used PETRA to analyze five different protein-ligand complexes with
ibuprofen as the ligand (Figure 13).

The aromatic ring had the greatest average rigidity distance when it was removed from the ligand
in all 5 of the complexes run except for PDB ID 6U4X (Figure 13e), which is equine serum albumin. This
could be interpreted that the aromatic ring has the greatest impact on the rigidity of the protein. Indeed,
Gonzalez and Fisher [34] have found that the aromatic ring greatly affects the positioning of Ibuprofen
in a human adipocyte lipid-binding protein named FABP4 (PDB 3P6H, Figure 13a). Thus, the aromatic
ring can increase the ligand’s ability to bind to the protein in a hydrophobic environment. The second
protein PDB 3IB2 (Figure 13b) demonstrates this, in which also ibuprofen binds in a cleft with six
hydrophobic residues [35]. The third protein PDB 4]JTR (Figure 13c), which is a COX-2 mutant, also
binds ibuprofen in a hydrophobic environment [36].

For the fourth protein (PDB 4RS0, an AKR1C2 complex shown in Figure 13d), the manuscript
is not yet available (to be published by Yosaatmadja et al.). Nonetheless, the SingleCut metric plot
identifies the aromatic rings as contributing significantly to the ligand’s effect, in corroboration with
our other analyses, revealing that the aromatic ring has a large effect on the ligand’s binding ability.

For the case of PDB 6U4X, atom C5, which is among one of the first atoms removed by PETRA due
to its location on the periphery of the drug, has the largest rigidity distance change when it is removed.
This could be a sign that C5 plays an important role in how ibuprofen binds to the equine serum
albumin. The manuscript accompanying 6U4X similarly has not yet been published (Czub et al.);
therefore, the significance of C5 is not yet corroborated by wet-lab work. Nonetheless, the SingleCut
metric box plot for 6U4X (Figure 13e) identifies C5 is the only atom with a positive average RD when
retained in the ligand.
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Figure 13. Ibuprofen (IBP) schematic and sample interaction map, and box plots for SingleCut metrics
for 5 protein-IBP complexes. t and } identify atoms involved in hydrogen bond and hydrophobic
interactions, respectively
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5.4. Case Study 4: Ibuprofen Variants

A case in which PETRA is not able to predict the importance of an atom’s contribution to the
ligand’s binding affinity is with two complexes which include variants of ibuprofen. PDB files 3P6D
and 3P6E contain ligands that are based of the structure of ibuprofen. The only difference between
the two is the attaching of a methyl group to the aromatic ring [34]. This methyl group causes
a 100-fold increase in the binding affinity of the ligand. The methyl group is represented as C1 in
Figure 14b, which shows minimal effect on the RD metric when removed from the ligand. Furthermore,
the PairCut heat maps in Figure 14b indicate that the average RD is higher in 3P6E, which is without
the methyl group, which is opposite of what would be expected considering the 100-fold increase.
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Figure 14. PDB 3P6D-ZGB contains a variant of Ibuprofin with its aromatic ring containing a methyl

group (SingleCut in (a), PairCut in (c)), while PDB 3P6E-ZGC does not include the methyl group
(SingleCut in (b), PairCut in (d)).

6. Conclusions and Future Work

Pharmaceutic drug engineering efforts are expensive and time-consuming. Although a variety
of software tools are available for exploring and aiding the drug design process, none employ the
use of rigidity analysis to explore how each atom of a ligand contributes to the drug’s effect on the
structural stability of a protein target. We developed a compute pipeline, PETRA, that for a PDB file of
a protein-ligand complex, generates in silico all possible ligand variants. Each variant is assessed to
help infer the role of individual atoms of the ligand. We have shown via case studies and visualizations
that PETRA can provide insights about the roles of the atoms in the ligand, and this is corroborated by
wet-lab studies reported in the literature.

In ongoing work, we are continuing to assess the predictions output by PETRA against the efficacy
rates of drugs as determined via clinical trials and in wet-lab assay experiments. The next several steps
are envisioned or are ongoing, including the use of machine learning methods to develop accurate
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predictions of the effects of atoms in a ligand. PETRA is being prepared for public release via an open
source Docker container that manages dependencies and custom wrapper software for file input and
output options. The source code for PETRA is available upon request.

Author Contributions: Conceptualization, EJ.; methodology, H.R.; software, H.R ; investigation, S.H., ] M.-D.;
data curation, ]. M.-D., H.R.; writing—original draft preparation, EJ., S.H., ] M.-D.; writing—review and editing, E]J.,
S.H., ].M.-D.; visualization, ].M.-D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1.  Szymanski, P.; Markowicz, M.; Mikiciuk-Olasik, E. Adaptation of high-throughput screening in drug
discovery—Toxicological screening tests. Int. J. Mol. Sci. 2012, 13, 427-452. [CrossRef]

2. Araya, C.L.; Fowler, DM. Deep mutational scanning: Assessing protein function on a massive scale.
Trends Biotechnol. 2011, 29, 435-442. [CrossRef]

3.  Engh, R.A; Brandstetter, H.; Sucher, G.; Eichinger, A.; Baumann, U.; Bode, W.; Huber, R.; Poll, T.; Rudolph, R.;
von der Saal, W. Enzyme flexibility, solvent and ‘weak’interactions characterize thrombin-ligand interactions:
Implications for drug design. Structure 1996, 4, 1353-1362. [CrossRef]

4. Tinberg, C.E.; Khare, S.D.; Dou, J.; Doyle, L.; Nelson, J.W.; Schena, A.; Jankowski, W.; Kalodimos, C.G.;
Johnsson, K.; Stoddard, B.L.; et al. Computational design of ligand-binding proteins with high affinity and
selectivity. Nature 2013, 501, 212. [CrossRef] [PubMed]

5. Barbas, C.F; Languino, L.R.; Smith, ]. W. High-affinity self-reactive human antibodies by design and selection:
targeting the integrin ligand binding site. Proc. Natl. Acad. Sci. USA 1993, 90, 10003-10007. [CrossRef]
[PubMed]

6. Karki, R.G.; Tang, Y.; Burke, T.R.; Nicklaus, M.C. Model of full-length HIV-1 integrase complexed with viral
DNA as template for anti-HIV drug design. |. Comput. Mol. Des. 2004, 18, 739-760. [CrossRef] [PubMed]

7. Patny, A.; Desai, P.V.; Avery, M.A. Homology modeling of G-protein-coupled receptors and implications in
drug design. Curr. Med. Chem. 2006, 13, 1667-1691. [CrossRef]

8.  Hung, C.L.; Chen, C.C. Computational approaches for drug discovery. Drug Dev. Res. 2014, 75, 412-418.
[CrossRef]

9.  Douguet, D.; Munier-Lehmann, H.; Labesse, G.; Pochet, S. LEA3D: A computer-aided ligand design for
structure-based drug design. ]. Med. Chem. 2005, 48, 2457-2468. [CrossRef]

10. Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand—protein interaction diagrams for drug discovery.
J. Chem. Inf. Modeling 2011, 51, 2778-2786. [CrossRef]

11. Tsai, T.Y.; Chang, KW.; Chen, C.Y.C. iScreen: World’s first cloud-computing web server for virtual screening
and de novo drug design based on TCM database@ Taiwan. ]. Comput. Mol. Des. 2011, 25, 525-531.
[CrossRef] [PubMed]

12. Douguet, D. e-LEA3D: A computational-aided drug design web server.  Nucleic Acids Res. 2010,
38, W615-W621. [CrossRef] [PubMed]

13. Chang, KW,; Tsai, T.Y.; Chen, K.C; Yang, 5.C.; Huang, H.]J.; Chang, T.T.; Sun, M.E,; Chen, H.Y.; Tsai, EJ.;
Chen, C.Y.C. iSMART: An integrated cloud computing web server for traditional Chinese medicine for
online virtual screening, de novo evolution and drug design. J. Biomol. Struct. Dyn. 2011, 29, 243-250.
[CrossRef] [PubMed]

14. Liu, X,; Ouyang, S.; Yu, B.; Liu, Y,; Huang, K.; Gong, J.; Zheng, S; Li, Z.; Li, H.; Jiang, H. PharmMapper
server: A web server for potential drug target identification using pharmacophore mapping approach.
Nucleic Acids Res. 2010, 38, W609-W614. [CrossRef]

15. Murray, C.W,; Rees, D.C. The rise of fragment-based drug discovery. Nat. Chem. 2009, 1, 187. [CrossRef]

16. Yang, S.Y. Pharmacophore modeling and applications in drug discovery: Challenges and recent advances.
Drug Discov. Today 2010, 15, 444-450. [CrossRef]

17. Leelananda, S.P.,; Lindert, S. Computational methods in drug discovery. Beilstein J. Org. Chem. 2016,
12,2694-2718. [CrossRef]


http://dx.doi.org/10.3390/ijms13010427
http://dx.doi.org/10.1016/j.tibtech.2011.04.003
http://dx.doi.org/10.1016/S0969-2126(96)00142-6
http://dx.doi.org/10.1038/nature12443
http://www.ncbi.nlm.nih.gov/pubmed/24005320
http://dx.doi.org/10.1073/pnas.90.21.10003
http://www.ncbi.nlm.nih.gov/pubmed/7694276
http://dx.doi.org/10.1007/s10822-005-0365-5
http://www.ncbi.nlm.nih.gov/pubmed/16075307
http://dx.doi.org/10.2174/092986706777442002
http://dx.doi.org/10.1002/ddr.21222
http://dx.doi.org/10.1021/jm0492296
http://dx.doi.org/10.1021/ci200227u
http://dx.doi.org/10.1007/s10822-011-9438-9
http://www.ncbi.nlm.nih.gov/pubmed/21647737
http://dx.doi.org/10.1093/nar/gkq322
http://www.ncbi.nlm.nih.gov/pubmed/20444867
http://dx.doi.org/10.1080/073911011010524988
http://www.ncbi.nlm.nih.gov/pubmed/21696236
http://dx.doi.org/10.1093/nar/gkq300
http://dx.doi.org/10.1038/nchem.217
http://dx.doi.org/10.1016/j.drudis.2010.03.013
http://dx.doi.org/10.3762/bjoc.12.267

Molecules 2020, 25, 1304 15 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

Hwang, TJ.; Carpenter, D.; Lauffenburger, J.C.; Wang, B.; Franklin, ].M.; Kesselheim, A.S. Failure of
investigational drugs in late-stage clinical development and publication of trial results. JAMA Intern. Med.
2016, 176, 1826-1833. [CrossRef]

Lange, J.H.; Venhorst, J.; van Dongen, M.].; Frankena, J.; Bassissi, F.; de Bruin, N.M.; den Besten, C.; de Beer,
S.B.; Oostenbrink, C.; Markova, N.; et al. Biophysical and physicochemical methods differentiate highly
ligand-efficient human D-amino acid oxidase inhibitors. Eur. J. Med. Chem. 2011, 46, 4808-4819. [CrossRef]
Fox, N.; Jagodzinski, F; Streinu, I. KINARI-Lib: A C++ Library for Pebble Game Rigidity Analysis of Mechanical
Models; Minisymposium on Publicly Available Geometric/Topological Software: Chapel Hill, NC, USA, 2012.
Jacobs, D.; Rader, A.; Thorpe, M.; Kuhn, L. Protein Flexibility Predictions using Graph Theory. Proteins 2001,
44, 150-165. [CrossRef]

Jacobs, D.; Hendrickson, B. An algorithm for two-dimensional rigidity percolation: The pebble game.
J. Comput. Phys. 1997, 137, 346-365. [CrossRef]

Jagodzinski, F.; Hardy, ].; Streinu, I. Using Rigidity Analysis To Probe Mutation-Induces Structural Changes
in Proteins. J. Bioinf. Comput. Biol. 2012, 10, 1242010-1242027. [CrossRef] [PubMed]

Farhoodi, R.; Shelbourne, M.; Hsieh, R.; Haspel, N.; Hutchinson, B.; Jagodzinski, F. Predicting the Effect of
Point Mutations on Protein Structural Stability. In Proceedings of the 8th ACM International Conference
on Bioinformatics, Computational Biology, and Health Informatics, Boston MA, USA, 21-24 August 2017;
pp- 247-252.

Siderius, M.; Jagodzinski, F. Mutation sensitivity maps: Identifying residue substitutions that impact protein
structure via a rigidity analysis in silico mutation approach. J. Comput. Biol. 2018, 25, 89-102. [CrossRef]
[PubMed]

Majeske, N.; Jagodzinski, F. Elucidating Which Pairwise Mutations Affect Protein Stability: An Exhaustive
Big Data Approach. In Proceedings of the 2018 IEEE 42nd Annual Computer Software and Applications
Conference (COMPSAC), Tokyo, Japan, 23-27 July 2018; Volume 1, pp. 508-515.

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]

Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, LN.; Bourne, PE.
The protein data bank. Nucleic Acids Res. 2000, 28, 235-242. [CrossRef] [PubMed]

OpenEye Scientific Software. Cheminformatics Software: Molecular Modeling Software: OpenEye Scientific.
Available online: https://www.eyesopen.com/ (accessed on 30 November 2019).

Andersson, M.I.; MacGowan, A.P. Development of the quinolones. J. Antimicrob. Chemother. 2003, 51, 1-11.
[CrossRef] [PubMed]

Fanali, G.; Di Masi, A.; Trezza, V.; Marino, M.; Fasano, M.; Ascenzi, P. Human serum albumin: From bench
to bedside. Mol. Asp. Med. 2012, 33, 209-290. [CrossRef]

Zhu, L.; Yang, E; Chen, L.; Meehan, E.J.; Huang, M. A new drug binding subsite on human serum albumin
and drug—-drug interaction studied by X-ray crystallography. J. Struct. Biol. 2008, 162, 40-49. [CrossRef]
Davies, N.M. Clinical pharmacokinetics of ibuprofen. Clin. Pharmacokinet. 1998, 34, 101-154. [CrossRef]
Gonzalez, ].M.; Fisher, S.Z. Structural analysis of ibuprofen binding to human adipocyte fatty-acid binding
protein (FABP4). Acta Crystallogr. Sect. 2015, 71, 163-170. [CrossRef]

Mir, R.; Singh, N.; Vikram, G.; Kumar, R.P; Sinha, M.; Bhushan, A.; Kaur, P; Srinivasan, A.; Sharma, S.; Singh,
T.P. The Structural Basis for the Prevention of Nonsteroidal Antiinflammatory Drug-Induced Gastrointestinal
Tract Damage by the C-Lobe of Bovine Colostrum Lactoferrin. Biophys. J. 2009, 97, 3178-3186. [CrossRef]
[PubMed]

Blobaum, A.L.; Xu, S.; Rowlinson, S.W.; Duggan, K.C.; Banerjee, S.; Kudalkar, S.N.; Birmingham, W.R;
Ghebreselasie, K.; Marnett, L.J. Action at a Distance mutations of peripheral residues transform rapid
reversible inhibitors to slow, tight binders of cyclooxygenase-2. ]. Biol. Chem. 2015, 290, 12793-12803.
[CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1001/jamainternmed.2016.6008
http://dx.doi.org/10.1016/j.ejmech.2011.04.023
http://dx.doi.org/10.1002/prot.1081
http://dx.doi.org/10.1006/jcph.1997.5809
http://dx.doi.org/10.1142/S0219720012420103
http://www.ncbi.nlm.nih.gov/pubmed/22809386
http://dx.doi.org/10.1089/cmb.2017.0165
http://www.ncbi.nlm.nih.gov/pubmed/29035580
http://dx.doi.org/10.3390/molecules23020251
http://www.ncbi.nlm.nih.gov/pubmed/29382060
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
https://www.eyesopen.com/
http://dx.doi.org/10.1093/jac/dkg212
http://www.ncbi.nlm.nih.gov/pubmed/12702698
http://dx.doi.org/10.1016/j.mam.2011.12.002
http://dx.doi.org/10.1016/j.jsb.2007.12.004
http://dx.doi.org/10.2165/00003088-199834020-00002
http://dx.doi.org/10.1107/S2053230X14027897
http://dx.doi.org/10.1016/j.bpj.2009.09.030
http://www.ncbi.nlm.nih.gov/pubmed/20006955
http://dx.doi.org/10.1074/jbc.M114.635987
http://www.ncbi.nlm.nih.gov/pubmed/25825493
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Related Work
	Methods
	Generating Ligand Variants
	Analysis and Visualizations
	SingleCut: the Role of Single Atoms
	PairCut: The Role of Pairs of Atoms
	Protein-Ligand Interactions


	Data Set, Run-Times
	Case Studies and Discussion
	Case Study 1: Ciprofloxacin
	Case Study 2: Human Serum Albumin
	Case Study 3: Ibuprofen
	Case Study 4: Ibuprofen Variants

	Conclusions and Future Work
	References

