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Abstract

In silico analyses of new designed boron compounds were done in detail. In this study, a total of 110 compounds were
investigated and optimized at B3LYP-D3/6-31G(d) level in the water. There are two compound groups in this study which
are the SCUD and D groups. While the SCUD group contains newly designed boron compounds, the D group contains syn-
thesized compounds by the third person. Spectral characterizations of the whole compounds were performed using IR and
NMR spectrum. A total of eight QSAR models were derived using D-group compounds. The biological activity of boron
compounds in the SCUD group was calculated, and inhibitor candidates from boron compounds were determined. Molecu-
lar docking of selected nineteen compounds was performed against the target protein. Finally, three compounds which are
SCUD 28, SCUD 52, and SCUD 65 can be inhibitor candidates. They exhibit better results than that of tamoxifen which is

using clinical treatment.
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Introduction

Carbon chemistry has been studied intensively for the last
200 years. Although it is the neighbor of carbon in the peri-
odic table, the chemistry of boron has attracted attention in
recent years and its properties in the field of medicine have
begun to be studied. Boron should not be more than 18 mg
in the human body [1], but considering its biological prop-
erties and potential, it has been used in pharmacological
drug design [2]. Especially, it has also been reported that
boron compounds show at least two times better biologi-
cal activity than their carbonaceous derivatives [3]. Boron-
containing bioactive molecules can be studied in two parts.
These are molecules containing only one boron atom and
boron clusters composed of boron atoms which are repre-
sented in Fig. 1.

Boron compounds are used in adhesives, paints, soaps,
detergents, fiber optics, flame retardants, fuel additives,
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glass, and many other fields [4]. Its application in medicine
started in the 1960s with boron neutron capture therapy in
cancer treatment and gained momentum. In recent years,
many properties of boron compounds in the field of health
have been examined, and it has been emphasized that these
compounds have anti-cancer, anti-HIV, and anti-rheumatoid
arthritis activities, as well as drug carrier properties, and are
effective in diagnosing cancer. In this study, the activity of
new 1-(diphenylboranyl)piperidine and triphenylboranamine
derivatives against the estrogen receptor will be examined.
Quantitative structure—activity relationship (QSAR) mod-
els are regression technique which is used in many research
field. Like other regression models, QSAR relates a set of
“predictor” variables (X) to the potency of the response vari-
able (Y), while QSAR models relate the predictor variables
to a categorical value of the response variable. QSAR mod-
els are mainly used in the predicting biological activity of
the newly designed compound and chemicals. These types of
analysis can be used not only for the prediction of biological
activity but also for toxicity and chemical properties.

In 2004, the QECD member countries adopted five prin-
ciples for the validation of QSAR models for regulatory
aims. With respect to these principles, QSAR models should
be associated with the following items: (1) a defined end-
point, (2) an unambiguous algorithm, (3) a defined domain
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Fig. 1 Molecular structure of some boron compounds

of applicability (AD), (4) appropriate measures of goodness-
of-fit, robrobustnessd predictivity, and (5) a mechanistic
interpretation. Especially, the third item expresses the need
to define and AD for QSAR models. Because QSAR mod-
els are reductionist, and they could generate reliable predic-
tions using different quantum chemical descriptors which
are inevitably associated with limitations. Actually, AD is
organized to help to understand to express the scope and
limitations of models. But, the AD concept can be implicit
in the published articles. For instance, the model has been
developed from a training set of chemicals that belong to a
single chemical class or that are considered to share a com-
mon mechanism of action. In other cases, the AD concept
has been explicitly defined [5]. There are a lot of approaches
to define AD of QSAR models such as according to struc-
tural rules, range of descriptor variable, continuous descrip-
tor variable, the application of multiple linear regression,
tolerance volume, and decision tree analysis [5—7].

In this article, a total of eighty boron compounds (SCUD
Group) were designed and given in Supplemental Material.
Additionally, thirty similar boron compounds (D group) are
taken into consideration for QSAR analyses and are given
in Supplemental Material. These thirty boron compounds
have been synthesized by Das and coworkers in 2015 [8].
All these compounds are fully optimized at B3LYP-D3/6-
31G(d) level in the water. A conductor-like-polarized con-
tinuous pattern (C-PCM) solvation model is used to con-
sider solute—solvent interactions. The structure and spectral
analyses (IR and NMR) of designed boron compounds are
done in detail. Then, the electronic properties of these com-
pounds are examined by contour plots of frontier molecular
orbitals and molecular electrostatic potential (MEP) maps.
A quantitative structure—activity relationship (QSAR) analy-
sis is performed using thirty compounds. These compounds
are divided into two parts: test (5 compounds) and analysis
groups (25 compounds). A total of 246 quantum chemical
descriptors are calculated using Maestro software. The list of
quantum chemical descriptors is given in the Supplemental
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Material. Studied compounds are eliminated using the deter-
mined eight QSAR models. Docking analyses of inhibitor
candidates with better results than tamoxifen are performed.
In this analysis, a total of 20 proteins, ERa and ERf, are
used. These proteins were selected from the protein data
bank and GeneCards as 1ERE [9], 1PCG [10], 3ERT [11],
4Q50 [12], 5U2B [13], SUFW [14], 6C42 [14], 6DF6 [15],
6VID, 6VIG, 1HJ1 [16], 1U3Q [17], 1X7J [18], 210G [19],
2NV7[20], 2YLY [21], 2Z4B [22], 2QTU [23], 30LL [24],
and 5STOA [25]. As a result, a molecule that could show a
better effect than tamoxifen was determined.

Materials and methods
Optimization

Fully optimization calculations were performed using Gauss-
ian software [26, 27]. Initially, the whole compounds in this
study were pre-optimized in the universal force field (UFF)
molecular mechanic method in order not to waste time and
not to encounter errors in future optimization calculations. In
subsequent optimization calculations, the Becke-3-parameter-
Lee—Yang—Parr (B3LYP) hybrid functional was used as a
calculation method with the D3 version of Grimme’s disper-
sion. 6-31G(d) was selected as the basis set and the C-PCM
method was used to consider solute—solvent interaction. All
calculations were done in the water phase. Furthermore,
ChemDraw software was used as utilities throughout the
study [28].

Spectral analysis

Infrared (IR) and nuclear magnetic resonance (NMR) spec-
trum are calculated at the same level of theory. In the analy-
sis of the IR spectrum, the VEDA 4XX program was used
[29]. In the NMR spectrum, chemical shift values of carbon
and hydrogen atoms are calculated using Eq. (1). In this
stage, tetramethylsilane (TMS) was calculated at the same
level of theory.

6= 5TMS - 5Compound (1)

QSAR analysis

The used quantum chemical descriptors of D and SCUD
group compounds were calculated using the Maestro program.
Initially, the relationship between experimental 1Cs, and
quantum chemical descriptors was investigated in detail. In
derivating of QSAR model, the regression method was used.
The five parameters with the highest correlation with the ICs
variable were included in the model. The ICs, variable was
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Fig.2 The optimized structure
of SCUD 1-10

SCUD 9

SCUD 10

taken as the dependent variable, and a multiple regression
model was created with other variables. The significance of
the obtained models was examined. In addition to this, the R
square value of the independent variables’ explanation ratio of
the dependent variable was calculated. Estimated ICs, values

were calculated from the obtained regression model. The cor-
relation coefficient between the estimates obtained with the
ICs, values of the control group was calculated. It was deter-
mined that there is a very high correlation between the actual
ICs, values and the predicted values.
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Fig. 3 IR spectrum of SCUD 1-6
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Table 1 Calculated vibrational frequencies (cm™") of SCUD 1-3

SCUD 1 SCUD 2 SCUD 3
Frequency* Mode® Frequency® Mode® Frequency® Mode®
3756 STRE(NH) 3178 STRE(CH) 3183 STRE(CH)
3624 STRE(NH) 3078 STRE(CH) 3078 STRE(CH)
3170 STRE(CH) 1492 STRE(NB), BEND(HCN) 2244 STRE(NN)
3080 STRE(CH) 1285 STRE(NB), BEND(HCN), 1651 STRE(CC)
BEND(HCC)
1657 STRE(CC) 1052 STRE(NC), STRE(CC) 1493 STRE(NB), BEND(HCH)
1274 STRE(NB), 933 TORS(HCCC) 1365 STRE(NN), STRE(NC)
BEND(HCC),
BEND(HCN)
849 TORS(HCCN), 771 TORSHCCC) 1287 STRE(NB),
OUT(NCCC) BEND(HCC),
BEND(HCN)
677 STRE(CC) 1160 STRE(NN), STRE(NC)
3in cm™!

YSTRE stretching, BEND bending, TORS torsion, OUT out of planar
Molecular docking

Selected compounds are prepared for docking calculation
using the LigPrep module in Maestro software. The acid-
ity of calculations is selected as 7+ 2. Then target proteins
which are 1ERE, 1PCG, 3ERT, 4Q50, 5U2B, SUFW, 6C42,
6DF6, 6VID, 6VIG, 1HJI1, 1U3Q, 1X7J, 210G, 2NV7,
2YLY, 274B, 2QTU, 30LL, and 5STOA were prepared using
protein preperation module. The receptor-binding domain
of them is defined using Grid Generation. Then molecular
docking calculations were performed [30-33]. In these cal-
culations, four parameters which are docking score (DS),
van der Walls energy (E, ), Coloumb interaction energy
(Ecoup) and total interaction energy (Erq,.,) were exam-
ined and evaluated analyses. The ground state structures of
phenyl urea derivatives were obtained from computational
calculations.

Results and discussion
Optimized structures

The designed compounds (SCUD Group) and previously
synthesized by third parties (D Group) compounds are opti-
mized at B3LYP-D3/6-31G(d) level in the water. Optimized
structures of SCUD 1-10 are represented in Fig. 2. Addition-
ally, the optimized structures of SCUD 11-80 and D1-D30
are given in Supplemental Material.

According to optimized structures, SCUD compounds are
boron nitrite derivatives. The environment of boron com-
pounds is found as trigonal planar. The geometric parameters
on the structure are found as good agreement with the results
of published articles [34-36]. As for the D groups, the big
difference of these compounds is the carbon—carbon double
bond on the structure. It is also known that the B-N structure

Table 2 Calculated vibrational

) 1 SCUD 4 SCUD 5 SCUD 6

frequencies (cm™') of SCUD

4-6 Frequency® Mode® Frequency® Mode® Frequency” Mode®
3052 STRE(CH) 3072 STRE(CH) 3087 STRE(CH)
1638 STRE(CC) 3033 STRE(CH) 2960 STRE(CH)
1497 STRE(NB) 1630 STRE(CC) 1762 STRE(CO)
1299 STRE(CB) 1502 BEND(HCH) 1600 STRE(CC)
1129 STRE(OC) 1284 BEND(HCC) 1490 STRE(CC)
801 TORS(HCCC) 1145 STRE(OC) 1260 STRE(CC)

782 TORS(CCCCO), 1019 STRE(CC)
OUT(OCCC)
685 BEND(OCC),
BEND(CCC)

3in cm™!

°STRE stretching, BEND bending, TORS torsion, OUT out of planar
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Fig.4 Atomic labeling of atoms
in of SCUD compounds

is an elemental isomer of the C=C structure. At the same
time, it has been reported that the biological activities of
compounds containing B-N bonds are at least two times more
effective than elemental isomers containing C=C bonds [3].
As structurally, it is determined that the geometric parameters
of D group compounds were quite compatible with similar
structures [37-39].

The IR spectrum of SCUD groups
The IR spectrum is one of the mainly used spectral tech-

niques for the characterization of chemicals. The IR spec-
trum can be obtained as computationally. In our study, the

Table 3 Chemical shift values (ppm) of carbon atoms in SCUD 1-5
compounds

Assignment SCUD1 SCUD2 SCUD3 SCUD4 SCUDS
c3 45.7 51.2 50.5 50.0 50.3
Cc4 233 29.1 29.8 29.9 293
(o8] 22.0 25.9 26.3 26.6 26.4
c6 25.4 29.3 29.4 293 28.1
c7 47.1 50.8 51.3 50.2 50.3
c8 105.5 138.5 134.1 125.5 1129
c9 141.5 126.8 128.6 122.6 153.4
CI0 85.9 118.1 112.5 100.9 90.9
Cll 135.7 121.9 131.9 147.5 122.8
Ci2 90.5 123.6 112.2 136.4 96.3
CI3 127.6 137.1 131.6 149.5 153.4
Cl4 103.5 134.6 1339 125.2 113.1
Cl5 138.7 129.9 131.6 122.9 153.1
Ccl6 84.3 118.3 128.9 101.1 96.0
c17 135.6 122.2 1124 147.3 122.8
CI8 91.5 123.0 1125 136.6 96.2
CI19 127.2 138.2 131.6 1493 1535
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IR spectrum of eighty SCUD compounds is calculated and
analyzed using VEDA 4XX software. IR spectrum of SCUD
1-6 are represented in Fig. 3. Additionally, VEDA analyses
of these compounds are given in Tables 1 and 2. IR spectrum
and VEDA analyses of other compounds in the SCUD group
are given in Supplemental Material.

According to Tables 1 and 2, the vibration modes of
labeled frequencies are given. However, calculated fre-
quencies are harmonic while experimental frequency is
anharmonic. Therefore, some differences are encountered.

Table 4 Chemical shift values (ppm) of hydrogen atoms in SCUD
1-5 compounds

Assignment SCUD1 SCUD2 SCUD3 SCUD4 SCUDS
C3H 3.0 3.1 3.8 3.8 3.6
C3H' 24 3.6 3.0 1.6 3.0
C4H 0.9 1.5 1.7 1.9 1.5
C4H' 1.4 1.9 1.9 1.9 1.5
C5H 0.9 1.9 1.9 1.7 1.6
C5H' 1.2 1.7 1.7 1.5 1.8
CoH 0.9 1.6 1.6 1.5 1.4
Co6H' 0.9 1.6 1.5 3.8 2.1
C7TH 32 35 32 3.1 29
C7H' 2.6 33 3.8 - 3.5
C9H - - 7.0 - 35
C10H 4.6 7.1 7.0 - -
Cl1H - 7.2 - 6.5 7.1
Cl12H 5.0 7.0 6.7 7.2 6.3
C13H 6.2 6.9 7.6 7.3 -
C15H - 7.8 7.7 6.5 -
Cl6H 4.8 7.3 6.7 - 6.2
C17H - 7.3 - - 7.1
C18H 4.9 8.1 6.9 - 6.1
C19H 5.9 - 7.0 -
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Nevertheless, there is good agreement between calculated
and published data [40—43].

Simulated NMR spectrum.

An NMR spectrum of designed boron compounds is cal-
culated. Chemical shift values of hydrogen and carbon atoms
are calculated using Eq. (1). Additionally, TMS is used as ref-
erence material in the calculation of chemical shift values of
related atoms. Atomic labeling of studied compounds is rep-
resented in Fig. 4. Additionally, chemical shift values of car-
bon and hydrogen atoms of SCUD 1-5 are given in Tables 3
and 4, respectively. NMR results for other compounds in the
SCUD group are given in Supplemental Material.

According to NMR data of studied boron compounds,
chemical shift values of aliphatic and aromatic carbon atoms

Fig.5 Contour diagram of
frontier molecular orbitals and
MEP maps of SCUD 1-5

@ Springer

are calculated in the range between 22-50 and 122-140 ppm,
respectively. As for the hydrogen atoms, chemical shift values
of hydrogen atoms coordinated to oxygen and nitrogen atoms
are calculated nearly 4 and 6 ppm, respectively. Additionally,
chemical shift values of hydrogen atoms on the benzene ring
are calculated in the range of 6.1-8.1 ppm. All calculated
chemical shift values are in agreement with published data
and article [40—43]. It can be said that spectral characteriza-
tion of the designed compounds is done in detail.

Electronic properties

The electronic properties of chemicals play an important
role on the determination of interaction mechanism, the

LUMO
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Table 5 Derived QSAR Models

ICs, = — 54,418 = 5112 X,-0.956 X,~0.044 X,+19,528X,~7384 X;

Model 1 X1: Balaban distance ~ X2: atoms in ring X3: PEOES X4: PEOE12 X5: addition electronic
connectivity index system charge
r2 MSS MSS/p RSS F Sig.
1.000 9527.237 1905.447 0.489 66,184.518 0.0001
Adj. R? Std. error of estimates PRESS Q?
0.99 0.16968 0.000184 0.999
ICs,=1768,911+ 7402 X,-49,888X,-1731,403X,+1072X,~7027 X
Model 2 X1: polarity X2: Narumi simple X3: path/walk 2— X4: PEOE3 X5:
topological Randic shape index HumanOral Absorption
r2 MSS MSS/p RSS F Sig.
0.958 9127.256 1825.451 400.470 77.491 0.0001
Adj. R? Std. Error of estimates PRESS Q?
0.946 4.85356 0.50051 0.999
IC5)"=640,191 -24,609X,-41,292X,-33,152X;+52,583X,+252,414X 5
Model 3 X1: quadratic X2: mean square X3: topological charge X4: topological X35: topological charge
distance Balaban index of order 4 charge index of index of order 7
order 5
r2 MSS MSS/p RSS F Sig.
0.995 9481.682 1896.336 46.045 700.140 0.0001
Adj. R? Std. Error of estimates PRESS Q?
0.994 1.64576 48.83518 0.9948
IC5,)°=295,831+2261X,-33,670X,+267,442X5-274,026X,+0.0040X
Model 4 X1: molecular X2: maximal X3: second Mohar X4: reciprocal X5:Bzzz
electrotopological electrotopological distance Randic-
variation negative variation type index
r2 MSS MSS/p RSS F Sig.
0.975 9288.643 1857.729 239.084 132.093 0.0001
Adj. R? Std. error of estimates  PRESS Q?
0.968 3750 292,974 0.969
ICs,=38,1134210,139 X,-85,861X,42275,609X;+1860,835X,—0.404X 5
Model 5 Xl:topological charge  X2:connectivity index  X3:path/walk 4— X4:path/walk 5— X5:PercentHumanOralAb
index of order 6 chi-4 Randic shape index Randic shape sorption
index
r2 MSS MSS/p RSS F Sig.
0.966 9205.123 1841.025 322.664 97.015 0.0001
Adj. R? Std. error of estimates ~ PRESS Q?
0.956 4.356 1488.844 0.843

IC,)"=1357,636+4323,093 X,—116,978X,+33,345 X;-47,691X,-0.584 X;
Model 6 X1:topological charge  X2:3-path Kier alpha-  X3: Kier flexibility X4: ring perimeter ~ X5: S

index of order 9 modified shape index

r2 MSS MSS/p RSS F Sig.
0.968 9221.937 1844.387 305.790 102.536 0.0001
Adj. R? Std. error of estimates ~ PRESS Q?
0.958 424118 343913 0.963

IC5,) = —347,528 — 191,135X,4+9239,329 X,-0.544X,+2542 X,—0.005X

Model 7 X1: eccentric X2: radial centric X3: PEOE4 X4: dipole Y X5: Byyy
R2 MSS MSS/p RSS F Sig.
0.967 9214.064 1842.813 313.662 98.878 0.0001
Adj. R? Std. error of estimates ~ PRESS Q?
0.957 -0.569
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Table 5 (continued)

ICy,f =12,303 — 84,392X,+203,507 X,+1629,611X;-69,589X,,, 1931,620X

Model 8 X1: Topological charge X2: Topological charge X3: Mean topological
charge index of

index of order 2 index of order 5

order 4
r2 MSS MSS/p
0.969 9233.398 1846.680
Adj. R? Std. error of estimates ~ PRESS
0.960 4.16095 1963.793

X4: Connectivity X5: path/walk 3—Randic

index chi-4 shape index
RSS F Sig.
294.329 106.661 0.0001
Q
0.794

active site of compounds, and the molecular effectiveness
of compound surface, etc. For these aims, different plots of
maps can be used and contour diagram of frontier molecular
orbitals and molecular electrostatic potential (MEP) maps
are calculated for each boron compounds. While the contour
diagram of frontier molecular orbitals and MEP maps of
SCUD 1-5 are represented in Fig. 5, the results for other
compounds are represented in Supplemental Materials.

According to Fig. 5, HOMO electrons are delocalized on
the benzene rings of the studied compound. In the contour plot
of LUMO, electrons are mainly delocalized on the benzene
rings of the compounds, too. Especially, it can be easily seen
that & electrons play an essential role in having this feature.
While the contour plot of frontier molecular orbitals shows
special zones that can be active, MEP maps show the reactive
zones on the molecular surface. The reactivity of & electrons is
seen easily from MEP maps of related compounds, too.

Quantitative structure-activity relationship (QSAR)
analyses

In the event of a change in the structure of any series of mol-
ecules, biological activity also creates positive or negative
changes. Accordingly, a systematic cause-effect relationship
is called a structure—activity relationship (SAR). The main
purpose of SAR is to determine the consequences of changes
in the structure, and then, considering these results, to deter-
mine which changes in the chemical structure and properties
will provide better biological activity. Using this definition,
the biological activities (or properties, reactivity) of new or
untested chemicals can be determined by QSAR models,
based on the chemical structures of similar compounds with
known biological activities in the studied molecule series.
In this study, group D compounds were used only for QSAR
analysis, and D1-D25 compounds were determined as the
analysis group, while D26-D30 compounds were deter-
mined as the test group. Molecular descriptors are used in
QSAR analysis, and these descriptors vary as structural,
topological, electrostatic, geometric, and quantum chemical

@ Springer

descriptors. Structural descriptors are known as parameters
that give simple definitions about the molecule, and these
descriptors are the number of heteroatoms in the molecule.
Topological descriptors are parameters that provide infor-
mation about the binding order in a molecule. Examples
of these descriptors are the Weiner index and the Randic
index. Another type of descriptor that can be used in QSAR
is electrostatic descriptors and gives us information about
the molecular charge distribution. Geometric descriptors
are one of the descriptor groups that can be used in QSAR
analysis and provide us with information about the size and
shape of the molecule. The last set of descriptors that can be
used is quantum chemical descriptors, which are parameters
related to the electronic structure of the molecule. Regres-
sion analyses are done between experimental ICs, values
and calculated parameters. A total of eight QSAR models
are derived and given in Table 5.

For both simple and multiple linear regression analyses, a
number of measures of statistical fit are commonly applied.
Some of the statistical comparison criterion is R? and R?
adj. The fact that these values are close to 1.00 is considered
as a measure of the relationship between the mathematical
model and the independent input variables. The difference
between R? and R? adj values is obtained by re-calculating
the possible meaningless factors in the model.

R MSS _ |

_RSS
T 1SS

7SS

MSS: model sum of squares MSS = Y. (§; — 3’

RSS is the sum of the squares (residual)
RSS =3, 0, =)’

TSS: the total sum of the squares 7SS = .. (y; — i)z

The standard error of estimate measures the disper-
sion of the observed values from the regression line. The
smaller the value of s the higher the reliability of the pre-
diction. However, it is not recommended to have a standard
error of estimate smaller than the experimental error of
the biological data, as this indicates an overfitted model.
The cross-validated explained variance or cross-validated
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correlation coefficient Q2 is used as a measure of the
goodness of internal power to predict. It is calculated by
the formula:

_ PRESS
TSS

Q2=1

where PRESS is the predictive error sum of squares, that is,
the sum of the squares of the differences (residuals) between
the experimental and predicted responses when predictions
are made for objects left out of the training sets [44].

The calculated biological activity (IC5,°) of D26-D30
is given in Table 6. According to this table, the regres-
sion coefficient between experimental and calculated bio-
logical activity is found to be higher than 0.95. It shows
that derived QSAR models are so good for our studied
compounds. Despite the well results obtained, the most
consistent and good results were obtained with models
1, 2, and 3. When models 1, 2, and 3 were examined in
detail, Model 2 was selected for further studies because
the results obtained in model 2 were both consistent with
the general trend and had a good regression coefficient.
In model 2, selected descriptors are polarity is member
of the electronic properties while other parameters are
related with the topological parameters.

Calculated ICs, values of studied boron compounds in
group SCUD are calculated and given in the Supplemental
Material. Additionally, the biological activity of tamox-
ifen is calculated using model 2. It is desirable that the
IC50 value be less than one hundred. However, with the
derived model, ICy, values greater than 100 can be calcu-
lated. This does not mean that the engineered compounds
are ineffective. Because it can play a role in determining
the biological activity orientations of these compounds.
In addition, the theoretical ICs, value of tamoxifen, which
is used clinically, was calculated as 355. In this study, a
total of nineteen compounds which their ICy, values of
less than 355 were selected to perform molecular dock-
ing analyses. As a result, SCUD 1, SCUD 11, SCUD 12,
SCUD 24, SCUD 28, SCUD 29, SCUD 31, SCUD 40,
SCUD 51, SCUD 52, SCUD 57, SCUD 62, SCUD 64,
SCUD 65, SCUD 68, SCUD 69, SCUD 71, SCUD 75,
SCUD 78, and SCUD 80 are selected for further analyses.

In terms of the AD of the derived QSAR models, it can
be easily said that the compounds used in the derivation
of the QSAR model are not completely similar to each
other, but are close to each other. Furthermore, multilin-
ear regression (MLR) analysis is used in the derivation.
On the other hand, a lot of quantum chemical descriptors
such as structural, topological, electrostatic, and geomet-
ric are scanned to find more harmonic ones. The AD of
QSAR models is implicited in the derivation of models
[5]. Additionally, the applicability of QSAR models is
investigated above. So, it can be said that derived QSAR

models give logical results (Table 6), especially model 2
is find as the best.

Molecular docking analysis

There are analysis methods such as molecular struc-
ture descriptors, charge densities, QSAR, and molecular

Table 6 Calculated ICs, values for D25-D30 compounds using
derived QSAR models and regression coefficient (R?) between exper-
imental and calculated ones

Compound ICs, ICs,* R?
Model 1 D26 100.00 100.02
D27 2.31 2.33
D28 1.18 0.81 0.999
D29 0.02 0.06
D30 0.01 0.15
Model 2 D26 100.00 102.37
D27 2.31 8.82
D28 1.18 8.67 0.999
D29 0.02 3.65
D30 0.01 2.73
Model 3 D26 100.00 99.46
D27 2.31 3.91
D28 1.18 0.52 0.999
D29 0.02 3.63
D30 0.01 1.48
Model 4 D26 100.00 98.58
D27 2.31 9.43
D28 1.18 0.37 0.997
D29 0.02 5.93
D30 0.01 3.08
Model 5 D26 100.00 85.67
D27 2.31 4.83
D28 1.18 1.97 0.996
D29 0.02 5.99
D30 0.01 9.94
Model 6 D26 100.00 97.04
D27 2.31 5.81
D28 1.18 0.31 0.998
D29 0.02 0.18
D30 0.01 5.23
Model 7 D26 100.00 67.51
D27 2.31 15.88
D28 1.18 28.37 0.944
D29 0.02 23.84
D30 0.01 8.50
Model 8 D26 100.00 96.98
D27 2.31 9.98
D28 1.18 11.20 0.990
D29 0.02 22.01
D30 0.01 11.34
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Fig. 6 Molecular docking struc-
ture of SCUD 65 with SU2B
and 6VIG
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docking that can be used to predict the biological activi-
ties of molecules. With these methods, the many features
of molecules can be antibacterial, antifungal, antimalarial,
anticancer, etc. can be seen. In this study, molecular dock-
ing analyses of boron compounds, which are predicted to
be effective in QSAR analysis, against target proteins were
performed. A total of 20 proteins are used. Selected pro-
teins are 1ERE, 1PCG, 3ERT, 4Q50, 5U2B, SUFW, 6C42,
6DF6, 6VID, and 6VIG belong to ERa, while 1HJ1, 1U3Q,
1X71, 210G, 2NV7,2YLY, 2Z4B, 2QTU, 30LL, and 5TOA
belong to ERp protein. The structures of these proteins
are shown in the Supplemental Material. Additionally, the
x—y-z coordinates of the receptor binding region of the
proteins are given in Supplemental Material. According to
docking results, some inhibitor candidates are interacted
with the target protein and some of them are not interacted.
Molecules interacting with ERa and ERf proteins are given
in the table given in Supplemental Material, with a “+”
sign and a “—“ sign for those that do not.

According to obtained results, studied boron com-
pounds are effective against ERa while they are inactive
against ERP. Additionally, the anticancer properties of

@ Springer

selected boron compounds are compared with tamox-
ifen’s results. It is seen that only SCUD 65 exhibits a bet-
ter effect than that of tamoxifen. Furthermore, SCUD 28
and SCUD 52 exhibit similar effect with tamoxifen. Cal-
culated docking score, van der Walls interaction energy,
Coulomb interaction energy, and total interaction energy
for selected boron compounds are given in Supplemental
Material. The docking structure and interaction map of
SCUD 65 with 5U2B and 6VIG are represented in Figs. 6
and 7, respectively.

Conclusion

In this study, compounds in SCUD and D groups are opti-
mized in the water phase at the B3LYP-D3/6-31G(d) level.
IR spectra of boron compounds were calculated and PED
analyzes were performed with the VEDA program. NMR
spectra of boron compounds were calculated and chemi-
cal shift values of carbon and hydrogen atoms in the com-
pounds were calculated. QSAR analysis was performed
using compounds in group D. Eight models were derived
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using D1-D25 compounds and the reliability of the derived
models was investigated using the test group. Model 2 was
judged to be the best. Theoretical ICs, values of the com-
pounds in the SCUD group and tamoxifen were calculated
using model 2. Compounds that were better than tamoxifen
were decided. Molecular docking analyzes were performed
between the molecules and target proteins. It is seen that
only SCUD 65 exhibits a better effect than that of tamoxifen.
Furthermore, SCUD 28 and SCUD 52 exhibit similar effect
with tamoxifen. SCUD 65 can be a good inhibitor candidate
for estrogen receptors.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11224-022-02086-9.
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