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ABSTRACT: Bioisosterism is strategically used in drug design to
enhance the pharmacokinetic and pharmacodynamic properties of
therapeutic molecules. The average electron density (AED) tool
has been used in several studies to quantify similarities among
nonclassical bioisosteres of carboxylic acid. In this study, the AED
tool is used to quantify the similarities among nonclassical
bioisosteres of an amide group. In particular, amide-to-1,2,3-
triazole bioisosterism is considered. To evaluate the AED
differences exhibited by isomers of nonclassical bioisosteres, both
isomers of amide (cis and trans) and 1,2,3-triazole (1,4 and 1,5
disubstituted moieity) were considered. The amide and 1,2,3-
triazole bioisosteric moieties were capped with various R groups
(R= methyl, hydrogen, and chloro) to account for changes in their environment. Amide-to-triazole bioisosteric substitutions were
then explored in a more realistic environment, that is, within the FDA-approved anticancer imatinib drug. The AED tool effectively
identified similarities between substantially different moieties, 1,2,3-triazole and amide, showing AED differences of no more than
4%. The AED tool was also proven to be useful in evaluating the contribution of various factors affecting triazole-amide bioisosterism
including isomerism and changes in their environment. The AED values of each bioisostere were transferable within a maximum
difference of 2.6%, irrespective of the change in environment. The 1,4- and 1,5-disubstituted isomers of 1,2,3-triazole have AED
values that differ by less than unity, 0.52%. Similarly, the AED values of the cis- and trans-amide isomers differ by only 1.31%.
Overall, the AED quantitative tool not only replicated experimental observations regarding similarities in bioisosteres, but also
explained and quantified each contributing factor. This demonstrates the extended utility of the AED tool from nonclassical
carboxylic acid bioisosteres to amide equivalents.On the contrary, electrostatic potential maps, usually used in the literature to
qualitatively evaluate bioisosterism, were not similar for the 1,2,3-triazole and amide bioisosteres, under different environments.
Overall, the AED tool proves to be powerful in quantitatively evaluating and predicting bioisosterism across diverse moieties
considering structural and environmental variations, making it valuable in drug design.

■ INTRODUCTION
Bioisosteres are groups which can be interchanged in a drug
molecule while preserving its biological activity by maintaining
similar interactions with its target receptor.1,2 Bioisosteres that
share a similar number of atoms, electrons,3 peripheral layer of
electrons,4 shape, structure, electronic properties,5 and/or
physicochemical properties6,7 are known as classical bioisos-
teres. For instance, the classical bioisosteres oxygen (−O−)
and sulfur (−S−) share the same numbers of atoms and
valence electrons, and benzene and pyridine share similar
shapes with six-membered rings. The concept of bioisosterism
was advanced to include not only classical bioisosteres but also
nonclassical ones.1 Nonclassical bioisosteres may not have the
same electronic properties, structure, shape, number of atoms,
or physicochemical properties.1,2 However, they can still be
interchanged in drug molecules without affecting their
biological activity.2 This is because many of them have been
proven to have some common pharmacophore features and
subsequently similar “key & lock” complementarity between a

drug and its receptor.8 For example, tetrazole (−CHN4) and
sulfonamide (−SO2NH2) are nonclassical bioisosteres of
carboxylic acid (−COOH).2,9

The concept of bioisosterism is strategically useful in
pharmaceutical and medicinal chemistry for designing new
medications that preserve the bioactivities of existing drugs.9

The ultimate target in bioisostere substitutions is to manipulate
existing drug molecules to improve their pharmacokinetic and/
or pharmacodynamic properties.9 For example, replacing the
carboxylic acid, in a molecule named EXP 7711,10 with
tetrazole generates a drug called Losartan. Losartan is an
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antihypertensive angiotensin II type I inhibitor that has better
oral biological activity due to the lipophilicity of tetrazole.9,11

Bioisosterism may also serve drug repurposing.9 Another
application of the nonclassical bioisosterism is in designing
antibacterial “sulfa drugs” which function as competitive
inhibitors of the enzyme dihydropteroate synthase.9 “Sulfa
drugs” have a common group, p-aminobenzoic acid, in which
the carboxylic acid moiety is replaced with a sulfonamide
bioisostere to improve the drug potency. Amide-to-1,2,3-
triazole substitutions are also common12 due to the structural
features of triazole, e.g., polarity, rigidity, as well as hydrogen
bond donor and acceptor characteristics.12 In particular, it is
reported that the carbon atom (C4, according to the IUPAC
numbering style) in the 1,4-triazole moiety mimics the
nitrogen atom (NH) in the amide group as a hydrogen-bond
donor (see Figure 1). Whereas, the nitrogen atoms (N2, N3) in

the triazole ring mimic the amide bond since they serve as a
weak hydrogen-bond acceptors (see Figure 1).12−14 This
bioisosteric replacement helps enhance binding affinities and
improve chemical and metabolic stabilities of drug mole-
cules.15 Such substitutions have been tested in many drug
molecules. For instance, they are employed in the HIV-1
inhibitors used to treat AIDS,16 GPR88 agonists used as
medications for neurological disorders,17 1-(β-D-glucopyrano-
syl)-4-substituted-1,2,3-triazoles used as antidiabetic medica-
tions that function by inhibiting glycogen phosphorylase b
enzymes,18 multiple/monotriazolominigastrins prescribed for
cancer patients,15 acetaminophen-triazole derivatives (APTDs)
used as low hepatotoxic antipyretic medications,19 triazole
ceramide analogues used as inhibitors of cancer cell growth,20

triazole-based tubulin inhibitors used as antitumor agents,21

triazole-substituted Vismodegib used as anticancer drugs via
inhibiting the Hedgehog (Hh) signaling pathway,22 and
triazole substituted imatinib (FA030) as ananticancer
drug.25,26

Imatinib (Glivec, STI571) is an FDA-approved anticancer
medication that functions by inhibiting the activity of Abl
tyrosine kinase.23 The activation of the Abl tyrosine kinase [by
the breakpoint cluster region Abelson oncoprotein (BCR-
Abl)] leads to uncontrollable cell growth, and therefore, the
development of cancer, in particular, chronic myelogenous
leukemia (CML).24−26 Imatinib is one of the first cancer
therapies, and it is a medication used worldwide to treat CML
and various cancers.25 However, one of the limitations that
have been noticed in imatinib-treated cancer patients was
developing drug resistance.27 Therefore, the substitution of the
amide in imatinib by a 1,2,3-triazole was tested to overcome
the drug resistance complications and to possibly increase the
potency of the drug.27,28

To evaluate the similarities among the amide and triazole
nonclassical bioisosteres, two complementary tools were used.

These are the average electron density (AED) tool29−32 and
the electrostatic potential (ESP) maps.33,34 While the AED
tool is a precise quantitative tool, ESP maps help visualize the
key and lock complementarity between a drug molecule and its
receptor. The ESP maps show the distribution of the negative
and positive lobes in the molecules. They also help predicting
the reactivities35 as they show the electron-deficient and
electron-rich parts of the molecule.36 The concept of the AED
tool is based on partitioning a molecule into atomic basins to
compute the properties of selective groups, e.g., bioisosteres,
within a drug molecule. The partitioning scheme used in the
AED tool is quantum theory of atoms in molecules (QTAIM).
The average electron density of a bioisosteric group is given by
AEDbioisostere = ∑Ni/∑Vi, where ∑Ni is the sum of the
electron populations and ∑Vi is the sum of the volumes of all
atoms (each atom denoted by i) in the bioisosteric moiety.

In this study, the amide-triazole bioisosteric pair is selected
for several reasons. These nonclassical bioisosteres are
abundantly used in drug design.28 However, the AED tool
has not been tested, thus far, on moieties other than carboxylic
acid and its bioisosteres, nor has it been evaluated for isomers
of bioisosteres. This amide-triazole pair meets the criteria of
diversity and bioisosterism. In addition, the selected bio-
isosteres have two isomeric forms each: the cis and trans
constitutional isomers of amide, and the 1,4- and 1,5-positional
isomers of triazole (see Figure 1). Furthermore, the amide and
triazole moieties are surrounded by two capping groups. This
is advantageous for investigating the effect of changes in
environment beyond the alteration of a single capping group,
as seen in previous studies.29,30,32,37 To assess the validity of
the AED tool on a more realistic system, the study is further
extended to include bioisoteric substitutions in imatinib, an
FDA-approved drug molecule, complexed with its Abl tyrosine
kinase receptor.

■ METHODOLOGY
Capped Bioisosteres. A total of 36 molecules were

considered. That is 2 bioisosteres (amide and triazole) × 2
isomers each (cis-amide, trans-amide, 1,4-triazole, and 1,5-
triazole as shown in Figure 1) × 9 different combinations of R1
and R2 each. The 9 different combinations of R1R2 are BB,
BCl, BM, ClB, ClCl, ClM, MB, MCl, and MM, where B, Cl,
and M stand for benzene, chloro, and methyl, respectively. The
groups were chosen according to their abundance in drug
molecules38 and their wide range of electronegativities. The 36
molecules were optimized in the gas phase using the Gaussian
16 package.39 The hybrid B3LYP density functional method
was used with a triple-ζ Pople basis set, 6-311++G(d,p), and
ultrafine pruned (99,590) grids. The self-consistent field
optimization criteria were set to “tight.” No symmetry was
used during the optimization. Frequency calculations were
completed to confirm that the optimized geometries are not
transition states. To evaluate the AED values of the bioisosteric
moieties, the atomic integrations were performed using the
AIMAll package (14.11.23),40 which is based on the QTAIM
partitioning scheme.41,42 The Lagrangian values were small;
they did not exceed milli atomic units (au). Three different
isodensity envelopes (0.0004, 0.001, and 0.002 au) were
considered. The ESP maps of the capped bioisosteres were
generated using ChemCraft 1.8 (https://www.chemcraftprog.-
com).

Imatinib and its Analogues. This study also considers
bioisosteric replacements in the FDA-approved drug, imatinib.

Figure 1. 2D structures of the bioisosteric moieties considered in this
study: (a) 1,5-triazole, (b) 1,4-triazole, (c) cis-amide, and (d) trans-
amide. The R1 and R2 denote different capping groups (benzene,
methyl, and chloro).
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This drug comprises an amide bioisostere capped with two R
groups (depicted in Figure 2), which are termed as realistic R
groups.

In this study, the amide group in imatinib is replaced with
1,4- and 1,5-triazole, forming two analogue structures. The
imatinib and its analogues were prepared, and the amide-to-
triazole bioisosterism was evaluated using the following steps:

1) The imatinib drug molecule was extracted from an
imatinib-Abl tyrosine kinase complex obtained from the
RCSB database (https://www.rcsb.org/structure/2hyy)
(PDB ID: 2HYY).26 Triazole analogues of imatinib were
built by replacing the amide group with 1,4- and 1,5-
disubstituted 1,2,3-triazoles (Figure 2).

2) Conformers of imatinib and its triazole analogues were
generated using OpenEye’s Omega 4.2. 0.1 tool.43

3) Using the Fred tool in OpenEye,44,45 the generated
conformers of imatinib and its analogues were docked
into the Abl tyrosine kinase receptor.26−28 The entire
receptor was considered for docking (the box size is
39.67 Å × 65.00 Å × 52.67 Å with a volume of 135 792
Å3). The docking scores of the top-ranked conformers of
each of the imatinib and its analogues were reported.
The docking scores are based on the unitless
Chemgauss4 scoring function.

4) The Gaussian 16 package39 was used to run single point
calculations, at the B3LYP/6−311++G(d,p) level with
ultrafine pruned (99,590) grids, on the top-ranked
conformers of imatinib and its analogues. The electronic
energies were collected and used as an estimate of the
stability of the molecules.

5) AIMALL analysis was then performed using the AIMAll
package (14.11.23)40 (as described above) to obtain the
AED of the amide and triazole bioisosteric moieties in
imatinib and its analogues.

6) The ESP maps of the docked complexes were generated
using the VIDA 4.4.0.4 molecular visualization too,
OpenEye Scientific Software.46 ESP maps of the docked
structures shall help confirm the similarities in some

pharmacophore features of the replaced bioisosteric
groups.47

■ RESULTS AND DISCUSSION
Capped Bioisosteres. Thirty-six molecules were consid-

ered in this part of the study. These molecules were
constructed by using 2 bioisosteres × 2 isomers per bioisostere
× 3 R1 capping groups per isomer × 3 R2 capping groups per
isomer. Each of the R1 and R2 capping groups can be a
benzene, a chloro, or a methyl group. In the forthcoming
sections, the AED results are discussed, followed by the ESP
results for the capped bioisosteric moieties: 1,4-triazole, 1,5-
triazole, cis-amide, and trans-amide.
AEDs of the Capped Bioisosteres. The AED values of all

molecules were evaluated at three different isodensity values
(0.002, 0.001, and 0.0004 au). It is noted that the AED values
have the same trends across the three isodensities, even though
the absolute values are different (see Figure S1). Therefore, for
the rest of this study, unless otherwise specified, all AEDs will
be reported at a single isodensity value, namely 0.001 au. The
volumes, electron populations, charges, AEDs, electronic
energies, and distances related to the 36 molecules studied
in this section are summarized in Table 1. Prior to discussing
the AEDs, it is noted from the average electronic energies
reported in this table that the capped triazoles are more stable
than the capped amides. This is aligned with the experimental
fact that the triazole-containing medications (such as Leu-
enkephalin/Leu-Enk) exhibit an extended biological half-
life.48,49 The trans-amide is, on average, more stable than the
cis-amide by 2.7 kcal/mol, which matches with the ∼2.6 kcal/
mol value reported in the literature.50

At an isodensity of 0.001 au, the average AED values (over
different R groups) of 1,4-triazole, 1,5-triazole, trans-amide,
and cis-amide are 0.0726, 0.0722, 0.0744, and 0.0734 au,
respectively (Table 1). This remarkable similarity in the AED
values of the four bioisosteric moieties confirms the validity of
the AED tool in capturing similarities among bioisosteres, no
matter how diverse they are. The small standard deviations in
AEDs reflect the similarity in the AEDs of a given bioisostere,

Figure 2. 2D structures of (a) the imatinib drug, (b) its 1,4-triazole-analogue, and (c) its 1,5-triazole-analogue. The amide bioisosteric group in
imatinib and the triazole group in its analogues are highlighted in blue, and the capping groups are denoted by R1 and R2.
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irrespective of its environment. This confirms the power of
transferability that this tool can offer. It is observed that the
AED values of the bioisosteric moieties gradually decrease with
the change of the R2 groups in the following order: benzene,
chloro, methyl (see Figure S1). It is noted that the AEDs of the
trans-amide capped with a benzene R2 group are exceptionally
slightly greater than the AEDs of the same moiety capped with
a chloro or a methyl group.

At an isodensity of 0.001 au, the highest (0.0763 au) and the
lowest (0.0714 au) AED values across all 36 molecules are off
by only 6.3%. This is a very small deviation provided all the
differences in the cyclic vs noncyclic shapes of the bioisosteres,
the cis/trans constitutional isomerism in the amide moiety, the
1,4/1,5 positional isomerism in the triazole moiety, and the
combination of 9 different environments per isomer. There-
fore, the AED tool robustly captures the similarity between the
amide and triazole nonclassical bioisosteres, irrespective of the
isomerism and/or the changes in the environment. As reported
in previous studies,29−32,37 this similarity is not by serendipity
provided that the capping R groups can have AEDs that differ
by up to 300%.37 Similarly, the R groups in this study have
sporadic AEDs that differ by up to 97% (Figure S2). In
addition, as a counter example, this similarity is not applicable
for the furan and the sulfonamide moieties, which are not used
in the literature as bioisosteres of each other, despite each of
them being separately a bioisostere of carboxylic acid.37 These
two non-bioisosteric moiteis have AED values that are off by
up to 34%.

Irrespective of isomerism, the similarity in the AED of the
amide and triazole bioisosteres is remarkable despite the
significant differences in their respective electron populations
and volumes, and despite the high fluctuations in their
respective charges (as obvious from the large standard
deviations reported in Table 1) (see also Figure S3). For
instance, on average, the atomic volumes of 1,4-triazole/1,5-
triazole and trans-amide/cis-amide are 472/475 and 299/302
au, respectively; while the corresponding electron populations
are 34.3/34.3 and 22.2/22.2, respectively. It is noted that the
average atomic volumes of triazole are off by ∼58% compared
with those of amide, and similarly, their electron populations
are off by ∼54%. The electronic population-to-volume ratios
(i.e., AEDs) are remarkably similar, with a maximum difference
of 2.96% (see Figure 3). It is worth noting that the volumes of
the isomers of a given bioisostere exhibited only slight
differences, whereas their corresponding electron populations
are identical (Table 1). Hence, the difference in the electronic
volumes is the main factor that resulted in 0.52% or 1.31% in
the AEDs of the 1,4/1,5 or cis/trans isomers, respectively
(Figure 3). These small percent differences among isomers of a
given bioisostere correspond to only 0.001 au, which is an
order of magnitude smaller than the maximum difference
between the amide and triazole groups (0.022 au).

Figure 3 is a schematic diagram that summarizes the AED
differences as a result of all possible combinations of isomeric
bioisosteric substitutions as well as changes in the environment
based on the 36 molecules covered in this section.

In Figure 3, the percent AED difference attributed to
bioisosterism is defined as the difference between the new and
existing bioisosteres relative to the original moiety, i.e., amide.
The %AED differences are evaluated as follows:
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In eqs 1−5, the AED value for each bioisosteric moiety
represents the average AED across all nine molecules, each
having the moiety capped with nine different combinations of
R1 and R2 groups.

Figure 3 depicts the remarkable similarities in the AEDs of
the bioisosteres. The maximum difference, which corresponds
to 0.022 au (i.e., 2.96%), is between those of 1,5-triazole and
trans-amide. The total of 6.3% reported in this figure is the
percent difference between the lowest AED (0.7150 au for the
1,4-triazole moiety capped with two methyl groups) and the
highest AED (0.0763 au for the trans-amide capped with two
benzene groups) of the bioisosteric moieties across all 36
molecules. Therefore, out of the total AED difference of 6.3%,
3.0% is attributed to bioisosterism including isomerism, and
the remaining 3.3% is attributed to the change in environment.
It is worth noting that, considering direct evaluations of the
change in environment, the percent differences between the
lowest and highest AED values of a given bioisosteric moiety
capped with nine different combinations of R1 and R2 groups
are 3.1%, 1.7%, 4.5%, and 2.6% for 1,4-triazole, 1,5-triazole,
trans-amide, and cis-amide, respectively, with an average of
3.0% across the four bioisosteric moieties.

On average, the AED of all the amides (0.0739 au) is slightly
greater, by 2.07%, than that of all the triazoles (0.0724 au).
This difference in the AEDs of amide and triazole is within the
range of differences reported in the literature for carboxylic
acid and its bioisosteres, e.g. tetrazole (0.2%),25 sulfonamide

(26.2%),26 or isoxazole, tetrazole-5-one, oxadiazole, thiazolidi-
nedione, and oxazolidinedione (4.6%).29,30,32 Considering
isomerism, the AED of the trans-amide is 1.31% greater than
that of the cis-amide, irrespective of the R groups. Similarly, the
AED of 1,4-triazole is 0.52% greater than that of the 1,5-
triazole isomer, irrespective of the R groups.

As documented in previous experimental studies, 1,4-triazole
is a common bioisosteres of trans-amide, while 1,5-triazole is a
common replacement of cis-amide.12,13,16,28,48 ,51,52 As shown
in Table 1, the intramolecular distance between the first atoms
of the two R groups in trans-amide (3.8−3.9) is reported to be
∼75% similar to those of 1,4-triazole (5.0−5.1 Å). Likewise,
these distances in cis-amide (2.4−2.9) and 1,5-triazole (2.4−
3.1) are up to 100% similar. Table 1 also shows the close
similarities between the experimentally reported distances and
the measured distances from the computationally optimized
geometries in this study: 4.8 ± 0.71, 3.0 ± 0.62, 3.1 ± 0.1, and
4.0 ± 0.14 for 1,4-triazole, 1,5-triazole, cis-amide, and trans-
amide, respectively. In addition, our AED results reproduced
the experimental observation of 1,4-triazole being a better
replacement than 1,5-triazole for the amide moiety, although
the preference is not a major one. The AED difference between
1,4-triazole and trans-amide is 2.45%, while this difference is
2.96% between 1,5-triazole and trans-amide (Figure 3).
However, unlike the literature records, our data suggest that
there is a preference of 1,4-triazole over 1,5-triazole for the cis-
amide, although a minute preference by only 0.52% (i.e., the
difference between 1.68% and 1.16% from eqs 1 and 2).
However, this difference is too small to be overinterpreted.

Using the Swissbioisostere database (http://www.swissbioi-
sostere.ch/, as of August 2022), the 1,4-triazole-to-amide
search results in 83 hits, which is significantly greater than the
7 hits obtained for the 1,5-triazole-to-amide search (note that
the Swissbioisostere Web site accepts the amide only in its
trans form). In addition, the Swissbioisostere database reports
the difference in bioactivity (Δactivity) as a measure to
evaluate the extent of bioisosterism between the chosen
moieties, referred to as molecular matched pair (MMP). If
Δactivity, i.e., specifically the half maximal inhibitory
concentration (IC50) in this case, is greater than 0.5 log

Figure 3. AED differences among bioisosteres. The maximum percent difference is 6.3%, 3.0% of which is attributed to the change in bioisosteres
including the isomerism effect, and the remaining 3.3% is attributed to the change in environment (i.e., change in R groups, and possibly the 3D
orientation of the R groups).
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units, then the pair has a better match. If the Δactivity is
smaller than −0.5 log units, then the moieties are likely not
good bioisosteres of each other.53 Based on the ΔIC50
measures, the highest Δactivity between amide and 1,5-triazole
is 0.54 log units, while this difference reaches 1.44 log units
with 1,4-triazole. This suggests that 1,4-triazole and amide are
better molecular matched pairs than 1,5-triazole and amide.
The conclusions from (i) experimental observations, (ii)
experimental and computational distances, (iii) our calculated
AEDs, and (iv) the number of hits as well as the Δactivity
records in Swissbioisostere are all in perfect agreement favoring
the 1,4-triazole (over 1,5-triazole) as a bioisosteric replacement
of trans-amide.
ESP Maps of the Capped Bioisosteres. The electrostatic

potential maps of the four bioisosteric moieties considered in
this study, each capped with 9 different combinations of R1 and
R2 groups, are depicted in Figure 4.

It is obvious from Figure 4 that the four bioisosteric moieties
share similarities in their ESP maps. They all have two separate

negative lobes (or a single merged lobe) (in purple)
surrounding the oxygen atom in the amide group and two
negative lobes surrounding the nitrogen atoms (N2, N3) in the
triazole ring. These noticeable similarities in the ESP maps of
the bioisosteric moieties, despite the differences in their
identity and/or their capping R groups, illustrate visually the
potential of these bioisosteres to interact similarly with a given
receptor and, therefore, to exhibit similar biological activities.
There are cases where the negative lobes (in purple) are too
large and close to each other that they merge into one bigger
lobe include the cis-amide with R1=chloro, and trans-amide
with R1=chloro or R2=benzene. This difference in the number
of the negative lobes (one vs two) may potentially mislead the
visual comparisons and, thus, the evaluations of the “key &
lock” similarities between the drug molecule and its receptor.
This ambiguity in the ESP maps is contrasted with the precise
detection of bioisosteres through the AED tool, where the
maximum difference among all 36 molecules is 6.3%.

Imatinib and its Analogues. In this section, the amide-
to-1,4-triazole and amide-to-1,5-triazole replacements in
imatinib are considered. Imatinib and its analogues are docked
into their receptor, Abl tyrosine kinase enzyme. The docking
results are discussed first, followed by those of the ESP maps.
The AED values are discussed at the end of this section.
Molecular Docking of Imatinib and its Analogues. Each of

the 1,4- and 1,5- analogues was docked into Abl tyrosine
kinase. To compare the poses and the binding site of the
docked imatinib and its analogues, the docked structures, along
with the experimental complex (PDB: 2HYY), are shown in
Figure 5.

As depicted in this figure, the imatinib and its 1,4-triazole
analogue share the same binding pocket in their target, while
the 1,5-triazole prefers binding in a slightly different pocket,
although in the same vicinity of the experientially determined
active site. This could be due to, among other reasons, the
steric effect of 1,5-triazole.28 This also indicates that in a
realistic environment (i.e., a bioisosteric moiety in an FDA-
approved drug molecule docked in its receptor), the amide is
better replaced with 1,4-triazole than 1,5-triazole. This

Figure 4. Electrostatic potential maps of (a) 1,4-triazole (rows 1−3),
(b) 1,5-triazole (rows 4−6), (c) trans-amide (rows 7−9), and (d) cis-
amide (rows 10−12). The 2D structures of the four bioisosteric
moieties are included to show the corresponding positions of R1 and
R2 in the maps. Each of the four bioisosteric moieties is capped with 9
different combinations of R1 (labeled to the left) and R2 groups
(labeled at the top). The molecular isodensity values are reported (in
au, i.e., e−/a0

3) for each molecule. The purple color indicates negative,
and the salmon color indicates positive values of electrostatic
potentials.

Figure 5. (a) Crystal structure of imatinib complexed with Abl
tyrosine kinase (PDB ID: 2HYY). The rest of the complexes are
docked structures of different ligands in the same receptor: (b)
imatinib, (c) the 1,4-triazole-analogue of imatinib, and (d) the 1,5-
triazole-analogue of imatinib. The Fred Chemgauss4 docking scores
are reported under each docked complex.
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observation aligns with the findings discussed in the Capped
Bioisosteres section.

The molecular docking scores for imatinib and its 1,4-
triazole and 1,5-tirazole analogues are −10.75, −11.56, and
−9.67 Fred Chemgauss4 score, respectively. The difference in
the docking scores of imatinib and its 1,4-triazole analogue is
approximately unity. This is consistent with the unity
difference which is also observed in the previously reported
docking scores (i.e., −13.7 and −12.7 for imatinib and the 1,4-
triazole-containing analogue, FA030).27

Replacing the amide moiety in imatinib with the 1,4-triazole
bioisostere slightly enhances the docking Fred Chemgauss4
score from −10.75 to −11.56. This improvement in the
binding score is accompanied by a greater number of reported
binding site residues, particularly through hydrogen bonding
(three hydrogen bond donor/acceptor sites vs only two of
them in imatinib). This analogue is reported to have a higher
dipole moment of ∼4.5 D, while that of amide is ∼3.5 D.28

These findings align with the results obtained from in vitro and
in vivo experiments conducted to validate the effectiveness of
the 1,4-triazole analogue in enhancing the properties of
imatinib as an antineoplastic medication. These experiments
aimed to validate the anticancer effect of the new 1,4-triazole
analogue, while reducing the patients’ resistance to imati-

nib.27,28 These studies reported similar enzymatic activity of
the 1,4-triazole analogue (FA030) and imatinib as they share
similar IC50 values (10.97 ± 0.46 and 10.77 ± 0.41,
respectively). In addition, FA030 was shown to have
antiapoptotic effects and a significant antiproliferative activity
in cancer cell lines.27

Table 2 lists the amino acid residues within the Abl tyrosine
kinase receptor that have been reported in the literature to
bind with imatinib or its analogues. These include results from
i) an experimental study by Cowan-Jacob et al. (using X-ray
crystallography),27 ii) a computational study by Arioli et al.
(using the Extra Precision Glide docking software),27 and iii)
this study (using the OpenEye software). For the 1,4-triazole
analogue, there is a high overlap of 12 residues commonly
reported by ref 27 and this study. This is indicative that the
data of the two different docking methods are, to a large extent,
reproduced.

The findings of this study reveal that the computationally
complexed imatinib, 1,4-triazole analogue, and 1,5-triazole
analogue have three common binding residues (Glu282,
Thr315, Ala380), two common binding residues (Thr315,
Ala380), and one common binding residue (Ile360),
respectively, with the experimentally complexed imatinib (see
Table 2). In addition, considering the results of this study, the

Table 2. Interacting Residues in the Binding Pocket of the Abl Tyrosine Kinase Receptora

imatinib experimental,
ref 26

1,4-triazole analogue
computational, ref 27

imatinib computational,
this study

1,4-triazole analogue
computational, this study

1,5-tirazole analogue
computational, this study

Leu248 Leu248 Leu248
Tyr253 Tyr253 Tyr253
Val256 Val256 Val256

Ala269 Ala269
Lys271 Lys271 Lys271

Glu286 Glu282
Glu286 Glu286 Glu286

Val289 Val289 Val289 Val289
Met290 Met290 Met290
Ile293 Ile293 Ile293

Leu298
Val299 Val299

Ile313
Thr315 Thr315 Thr315 Thr315

Glu316
Phe317 Phe317

Met318 Met318
Gly321 Gly321

Leu354 Leu354
Phe359

Ile360 Ile360 Ile360
His361 His361

Arg362
Leu370 Leu370 Leu370

Ala380 Ala380 Ala380 Ala380
Asp381 Asp381 Asp381 Asp381
Phe382 Phe382 Phe382 Phe382

Gly383 Gly383 Gly383
Ser385

Tyr393
Ala399
Lys400
Phe401

aBoth experimental and computational data from previous studies are reported. Common residues are aligned across different columns.
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1,4-triazole analogue shares 15 residues with imatinib, while
the 1,5-triazole analogue shares only 7 residues with imatinib.
These observations complement the ones made in Figure 5
and are in full alignment with the experimentally observed
preference of 1,4-triazole over 1,5-triazole as a bioisostere of
imatinib. The differences in some of the reported residues
(compared to residues reported in previous studies) could be
attributed to i) variations in the experimental/computational
protocols used, ii) differences in the defined thresholds used to
determine the presence or absence of interactions, and iii)
slight variations in poses that facilitate contact with distinct
residues. This molecular docking also demonstrates that the
conclusions drawn from the isolated capped moieties are
reproducible with those obtained from the embedded drug
molecule within its receptor.
ESP Maps of the Complexed Imatinib and its Analogues

in their Receptor. The ESP maps are used as a complementary
visual tool to evaluate the amide-to-triazole bioisosterism.
Figure 6 illustrates the electrostatic potential maps of the top-
ranked conformers of imatinib and its two triazole analogues
complexed with Abl tyrosine kinase.

The ESP maps across the three complexes have distinct
features. This is not unexpected provided that the ESP maps
are influenced by ligand−target interactions,28−30,46 and that

(as shown in Figure 5 and Table 2) the interactions vary
among these three complexes. However, these three complexes
do share general similarities among their ESP maps. They all
have a big negative (red) lobe around the center of the
molecule (specifically around the oxygen atom of the amide
bioisostere, or around the nitrogen atoms of the triazole
bioisostere), and two smaller negative lobes on either side of
the big negative lobe. However, between the 1,4-triazole and
the 1,5-triazole analogues, the former demonstrates a better
resemblance to imatinib. The AED tool successfully repro-
duced this observation quantitatively. This emphasizes the
capacity of the AED tool to implicitly account for the “key &
lock” complementarity between the drug molecule and its
receptor. This is a very distinguished and powerful attribute of
the AED tool.
AEDs of Imatinib and its Analogues. In this section, we

will demonstrate the power of the AED tool in evaluating the
nonclassical amide-to-triazole bioisosterism in an FDA
approved drug molecule, imatinib. We also highlight the
reproducibility and transferability of the AED values.

Figure 7 is a schematic summary of all of the AED
differences resulting from the amide-to-triazole bioisosteric
replacement in imatinib. It also includes the capped
bioisosteric moieties from the previous section for facilitating
comparisons.

Compared to imatinib, the 1,4- and 1,5-triazole analogues
exhibit reduced AEDs by approximately 2% and 4%,
respectively (Figure 7). Thus, compared to the AED of the
amide in imatinib the 1,4-triazole has a closer value than the
1,5-triazole. Therefore, not only does the 1,4-triazole outper-
form the 1,5-triazole in terms of docking scores and binding
poses (as discussed above), but it also outperforms it in terms
of AED similarities with respect to the original amide
bioisostere. These cumulative observations indicate that the
1,4-triazole substitution is a more favorable bioisosteric
replacement for the amide than the 1,5-triazole. Furthermore,
the AED analysis effectively detects the subtle differences
within a ca. 2% range among the 1,4-triazole and 1,5-triazole
analogues. The difference in the AED values does not exceed
3% or 4% as a result of the bioisosteric substitutions in the
capped molecules or imatinib, respectively. This confirms the
similarity in the AED values of the bioisosteric moieties,
irrespective of their environment. In fact, the first section in
this study confirms this concept of transferability in AEDs,
regardless of the chosen R1 or R2 groups. In addition, based on
this study, changes in environment account for the following
percent deviations in the AED values of the bioisosteric
moieties: 1.42%, 2.62%, or maximum 3.34% (see Figure 7).
Similarly, this value is ca. 5% based on previous studies.46

Overall, it is concluded from this section that the AED
differences due to the amide-to-triazole bioisosterism in
imatinib are very low, typically below 4%. In addition, the
AED tool meticulously detects the effect of various factors
(change in environment, isomerism, and bioisosterism) in an
additive manner (see Figure 7). In other words, the AED tool
interestingly captures the individual and combinatorial
influence of different factors in nonclassical bioisosterism.
These findings demonstrate that the AED tool consistently
provides reproducible, precise, robust, and transferable
evaluations in nonclassical bioisosterism.

Figure 6. Electrostatic potential maps, at an isodensity of 0.985 au, of
the docked (a) imatinib, (b) 1,4-triazole-analogue, and (c) 1,5-
triazole-analogue in the Abl tyrosine kinase receptor. The ESP maps
are shown for the ligand-receptor complex and for the ligand alone for
facilitating comparisons.
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■ CONCLUSIONS
In conclusion, the validity and robustness of the AED tool in
quantitatively evaluating similarities among bioisosteres have
been proven to extend to the amide-to-triazole bioisosterism,
with a high percent AED similarity exceeding 96%. The tool
was shown to be precise enough to meticulously differentiate
isomers (cis/trans constitutional iomers ofamide and 1,4/1,5
positional isomers of triazole). This tool also accurately
replicated the experimentally observed trend of 1,4-triazole
being a more suitable substitute than 1,5-triazole for the trans-
amide. The transferability and reproducibility of the AED tool
have been confirmed by comparing the results of the capped
bioisosteres with those of the moieties embedded in a realistic
environment, compromising an FDA-approved drug molecule
docked within its receptor. The differences in the AED values
did not exceed 4% as a result of changing the environment of
the bioisostere. While depending solely on ESP maps is not
entirely reliable, they can serve as a valuable qualitative
complement to the robust AED tool for evaluating
bioisosterism.
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Figure S1 and Figure S2 depict the average electron
densities of the bioisosteric moieties and the R groups,
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