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Abstract: Hepatitis C virus (HCV) is a serious disease that threatens human health. Despite consistent
efforts to inhibit the virus, it has infected more than 58 million people, with 300,000 deaths per
year. The HCV nonstructural protein NS5A plays a critical role in the viral life cycle, as it is a
major contributor to the viral replication and assembly processes. Therefore, its importance is
evident in all currently approved HCV combination treatments. The present study identifies new
potential compounds for possible medical use against HCV using the quantitative structure-activity
relationship (QSAR). In this context, a set of 36 NS5A inhibitors was used to build QSAR models
using genetic algorithm multiple linear regression (GA-MLR) and Monte Carlo optimization and
were implemented in the software CORAL. The Monte Carlo method was used to build QSAR
models using SMILES-based optimal descriptors. Four splits were performed and 24 QSAR models
were developed and verified through internal and external validation. The model created for split 3
produced a higher value of the determination coefficients using the validation set (R? = 0.991 and
Q? = 0.943). In addition, this model provides interesting information about the structural features
responsible for the increase and decrease of inhibitory activity, which were used to develop eight
novel NS5A inhibitors. The constructed GA-MLR model with satisfactory statistical parameters
(R? = 0.915 and Q? = 0.941) confirmed the predicted inhibitory activity for these compounds. The
Absorption, Distribution, Metabolism, Elimination, and Toxicity (ADMET) predictions showed that
the newly designed compounds were nontoxic and exhibited acceptable pharmacological properties.
These results could accelerate the process of discovering new drugs against HCV.

Keywords: chemoinformatics; drug discovery; molecular descriptors; QSAR; HCV; NS5A

1. Introduction

Hepatitis C Virus (HCV) has significantly affected the lives of infected patients over
the last century, as a small proportion of them shed the virus naturally. Most infected
individuals develop a spectrum of liver diseases ranging from mild inflammation to
extensive liver fibrosis, cirrhosis, chronic hepatitis C, and hepatocellular carcinoma [1,2].
According to the statistical report of the World Health Organization (WHO), an estimated
58 million people were infected with hepatitis C in 2019, and approximately 300,000 deaths
were caused by HCV [3]. HCV belongs to the Flaviviridae family, the genus Hepacivirus.
It is a single-stranded RNA virus encoded by 9600 nucleotide bases. The HCV genome
consists of the open reading frames (ORF) between the 5" and 3’ conserved untranslated
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regions encoding three structural proteins (C, E1 and E2) and seven non-structural proteins
(NS1, NS2, NS3, NS4A, NS4B, NS5A and NS5B) [4]. HCV strains are classified into eight
major genotypes, with 86 subtypes identified to date [5]. For the past two decades, the
standard therapy for HCV infection has been based on peginterferon and the antiviral
nucleoside analog ribavirin. To date, approximately half of patients achieved a lower
sustained virologic response (SVR) and suffered from undesired harmful effects such as
cardiac-related problems, leukopenia, and thrombocytopenia [6]. Recently, many direct-
acting antiviral (DAA) drugs have been authorized for the treatment of HCV infection
with higher SVR rates (>90%), shorter duration, and fewer adverse effects compared
with older treatment therapies [7,8]. These innovative therapies have revolutionized
HCV medicine and delivered significant insights into curing HCV patients. In 2016, an
affordable combination treatment with the new drug Ravidasvir was shown to be safe and
effective, with exceptionally elevated cure rates [9]. The fight against HCV infection is
not fully covered due to the high costs associated with the therapies and the emergence
of mutant strains resistant to DAA drugs. These treatments target three nonstructural
proteins: NS3/4A protease, NS5B polymerase, and NS5A protein, which are involved in
the replication and assembly processes of the virus [7].

The NS5A receptor is a 478-amino acid phosphoprotein containing three structural do-
mains (I, II, and III) that terminate in four complementary functional zones (A, B, C, and D).
The NS5A protein interacts with other important viral proteins (NS4B, NS5B, NS3) and
host cell proteins (cyclophilin A, kinases and others) to regulate viral replication and as-
sembly [10,11]. Due to its critical role in HCV replication, NS5A has emerged as a potential
therapeutic target for treating chronic HCV infection. Recently, computational drug design
has emerged as a powerful technique that plays a pivotal role in drug development. The
quantitative structure—activity relationship (QSAR), which links the structural features of
molecules to endpoints, is an important part of cheminformatics. The QSAR approach is
widely used to predict biological activities and the development of new lead compounds.
Thus, the biological activity of new structures based on the developed model can be easily
determined using the QSAR method without the need for experimental synthesis and
biological testing [12]. Due to its predictive power, the QSAR approach could also eliminate
molecules with undesirable properties at an early stage. Therefore, it reduces the cost, time,
and error rate in developing new drug molecules.

Continuing our recent work on the development of new potent inhibitors targeting
the NS4B receptor of HCV [13], we report here several QSAR models targeting NS5A.
The current marketed anti-NS5A drugs have common structural features including C2
axial symmetry and the presence of methyl carbamates on both extremities. However, the
symmetrical nature of anti-HCV agents is not essential for the inhibition of HCV, as reported
by Nakamura et al. [14]. The QSAR models were built based on the structural features
of asymmetrical NS5A derivatives with their potent inhibitory activity. The first model,
based on Monte Carlo optimization, was applied to develop SMILES-based QSAR models
that provide insights into the design of novel anti-HCV agents. The second model aims to
confirm the prediction of inhibitory activity of the designed molecules using the genetic
algorithm multiple linear regression (GA-MLR) technique. ADMET analysis was used to
investigate and evaluate the drug-likeness properties of the newly designed inhibitors.

2. Results and Discussion
2.1. SMILES-Based QSAR Model

In total, 24 QSAR models were developed from four random splits using two objective
functions: TF1 without the IIC and TF2 with different values of the IIC. For TF2, different
numerical values of WIIC were used, including 0.1, 0.3, 0.5, 0.7, and 0.9. The calculated
statistical parameters for the created SMILES-based QSAR models show that the WIIC = 0.5
strengthens the influence of IIC on the Monte Carlo optimization (Supplementary materials,
Spreadsheet). The statistical parameters calculated with WIIC = 0.5 for all splits are shown
in Table 1. The experimental pEC50 values compared to the calculated values for the four
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splits are shown in Figure 1. Table 1 clearly shows the statistical reliability of all models
and that they meet the criteria established by Tropsha et al. [15] and Ojha et al. [16]. The
established QSAR model of split 3 provides the best statistical parameters (R* = 0.991,
CCC =0.911, and Q? = 0.943). The model equation of split 3 is given below:

pECs = 0.532 (& 0.184) + 0.103 (& 0.003) x DCW (2,30) 1)

Table 1. Statistical parameter of built QSAR models and their corresponding equations.

Split Set N R? ccc 1c Q? Q4 0} ok s MAE  F CR’% AvgR%, AR, Equation
Training 13 0.872 0.931 0.800 0.812 0.671 0.543 75 0.820
Inv.Train 13 0.899 0.921 0.565 0.867 0.580 0.469 98 0.845 _
1 Calibration 5 0.964 0.906 0.982 0.893 0.909 0.853 0.942 0.456 0.367 81 0.798 0.615 0.156 PEC50 = 0.655 (+0.344) + 0101 (+0.004) x DCW(1,30)
Validation 5 0.891 0.853 0.824 0.710 0.685 0.592 0.194
Training 13 0.889 0.941 0.314 0.856 0.561 0.388 81 0.843
Inv.Train 13 0.937 0.962 0.519 0.915 0.517 0.392 166 0.905 o
2 Calibration 5 0.989 0.963 0.994 0.975 0.927 0.927 0.950 0.438 0.342 290 0.858 0.695 0.094 PEC50 = ~0.094 (0.234) + 0.084 (+:0.002) x DCW(1,30)
Validation 5 0.860 0.904 0.691 0.566 0.592 0.767 0.132
Training 13 0.873 0.932 0.801 0.837 0.634 0.498 76 0.848
Inv.Train 13 0.865 0.871 0.581 0.829 0.685 0.510 71 0.805 _
3 Calibration 5 0.975 0.960 0.987 0.909 0.937 0.935 0.949 0.428 0.315 120 0.851 0.755 0.072 pEC50 =0.532 (+0.184) + 0-103 (+:0.003) x DCW(2,30)
Validation 5 0.990 0.911 0.719 0.942 0.532 0.728 0.076
Training 13 0.941 0.970 0.831 0.923 0.390 0.301 178 0.894
Inv.Train 13 0.843 0.914 0.601 0.801 0.650 0.483 59 0.807 _
4 Calibration 5 0.924 0.945 0.961 0.637 0.908 0.906 0.897 0.568 0.412 37 0.657 0.752 0.101 PEC50 = 0.457 (+0.157) + 0.149 (+:0.003) x DCW(1,30)
Validation 5 0.943 0.892 0317 0.399 0.647 0.777 0.081
N—number of samples; s—standard error of estimation; F—Fischer ratio.
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Figure 1. Experimental versus calculated pECs( values for the models (i.e., Four Splits).
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An additional validation model for the Monte Carlo method was performed using
The AD. We determined the theoretical range in which the predictions of the constructed
SMILES-based QSAR model are accurate. In the case of TF1, without considering the
influence of IIC on activity (pEC50), the number of outliers for split 3 was four (i.e.,
compounds No. 29, 32, 34, and 35). In the case of TF2, the number of outliers for split 3 was
three (i.e., compounds No. 8, 9, and 16).

2.2. GA-MLR QSAR Model

The GA-MLR method was performed on the training set and then evaluated against
the test set based on the selected descriptors. In the GA-MLR model, the three selected
descriptors from the entire set including RBN (i.e., No of rotatable bonds), MATS1e (i.e.,
Moran autocorrelation of lag 2 weighted by Sanderson electronegativity) and G(N..O) (i.e.,
Sum of geometrical distances between N..O), which contribute to the inhibition activity,
were selected to build the QSAR model. The model created using the GA-MLR technique
and its statistical parameters (Equation (2)) are shown below:

pEC50 = 7.078 — 0.105 x (RBN) +43.362 x (MATS1e) +0.013 X (G(N..O))  (2)

Ny =26, Niest = 10, R?, = 0.915, RMSEy, = 0491, Q2 =0.880, R2,, = 0.941,

MAEq; = 0416, CCCext = 0.958, Q%,= 0.914, Q7,= 0.912, Q},= 0.920, F = 79.559,
s =0.534,

Kxx = 0271, AK = 0.189, RMSEs, = 0.585, RMSEpy yser = 1.588, R%ys = 0.117,
Qyser = —0.269

where Ny, is the total samples in training and CCC represents the concordance correla-
tion coefficient [17]. Q%l, Q%z and Q%S are external validation criteria [18].

The performance of the above parameters of the developed GA-MLR model meets
the standard validation criteria according to the OECD guidelines. In addition, Figure 2a
illustrates the experimental and the pEC50 endpoints predicted by the developed GA-MLR
model, which shows a good correlation between the activity of concern and the three
selected descriptors. To further validate the constructed model, the AD is used to evaluate
the AD space of the leading model. The AD is performed with the leverage method as
shown by the Williams plot in Figure 2b. The dashed lines show the cutoff value of £3 s.d.
and the warning line for the X outlier (h*) is 0.462. William plot show that all molecules are
within the AD, with the exception of compound No. 21.
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Figure 2. (a) Experimental vs. predicted pECsy values computed by GA-MLR. (b) Williams plot.
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2.3. Mechanistic Interpretation

A mechanistic interpretation is a crucial part of OECD. Molecular features responsible
for increasing and decreasing an endpoint can be extracted and interpreted from such
models. The mechanistic interpretation of the CORAL model can be obtained from multiple
runs of Monte Carlo optimization. In three independent Monte Carlo optimization runs,
the molecular features extracted from the SMILES attributes with positive CWs are found
to be promoters of an increase in pECs activity, and the SMILES attributes with negative
CWs are found to be promoters of a decrease in pECsg activity. In contrast, the SMILES
attributes with both positive and negative CWs are undefined. The main promoters leading
to an increase or decrease in pECs) values with their CWs for three independent runs of
the built QSAR model for split 3 are shown in Table 2.

Table 2. Promoters of increase and decrease of pEC5p endpoint from split 3.

CWs CWs CWs a c Defect
No Sak Probe 1 Probe 2 Probe 3 Nt Nir® Ne [SAK] 4
Promoter of endpoint increase
1 Colovenn 0.137 0.188 0.464 13 13 5 0.000
2 C..0..C... 2.041 1.674 2.516 6 8 3 0.015
3 O 1.351 1.397 1.810 13 13 5 0.000
4 N...(ovue. 0.054 0.063 0.110 13 13 5 0.000
5 o..C.C.. 0.093 0.324 0.338 6 11 4 0.034
6 N..C..1.. 0.222 0.101 0.043 7 6 3 0.006
7 N..C...... 0.423 0.479 0.573 13 13 5 0.000
8 C.N..C.. 0.648 0.821 0.356 9 9 3 0.008
9 C.C... 0.325 0.382 0.273 13 13 5 0.000
10 N 0.330 0.111 0.147 13 13 5 0.000
11 N..C..C.. 0.798 0.643 0.829 11 13 5 0.009
12 Nmax.8...... 0.798 0.510 0.590 2 2 0 1.000
13 Omax.6...... 0.169 0.527 0.871 2 5 2 0.061
Promoter of endpoint decrease
1 Lo —0.1812 —0.0120 —0.0134 13 13 5 0.000
2 =.0..(... —0.0579 —0.1326 —0.2212 13 13 5 0.000
3 C.=.. —0.2642 —0.0515 —0.1487 13 13 5 0.000
4 O...(c.... —1.1001 —0.8219 —1.2695 13 13 5 0.000

Nr, Nit, and N, are the numbers of SMILES (samples) that include a given attribute (SAk) in the training set ?,
inv.Training set ®, and calibration set °. 9 Defect [SAk] is the difference of probabilities of SAk in the training and
calibration sets, divided by the sum of total numbers of the SAk in the training and calibration sets.

Considering these data, the top-ranking fragments for increasing activity are: no. 1—
combination of sp® carbon with branching; no. 2—presence of sp3 oxygen surrounded
by two sp? carbons; no. 3—presence of oxygen; no. 4—combination of sp> nitrogen with
branching; no. 5—presence of sp® carbon surrounded by sp> oxygen and sp? carbon; no. 6—
combination of sp? nitrogen and sp? carbon in the aliphatic ring; no. 7—combination of sp3
nitrogen and sp3 carbon); no. 8—presence of sp> nitrogen surrounded by two sp® carbons;
no. 9—presence of two sp3 carbon atoms; no. 10—presence of nitrogen; no. 11—presence
of sp® carbon surrounded by sp? nitrogen and sp® carbon; no. 12—maximum number of
nitrogen is 8; and no. 13—maximum number of oxygen is 8. In contrast, the most ranking
fragments for decreasing the activity are: no. 1—presence of one ring; no. 2—combination
of oxygen, double bond, and branching; no. 3—presence of doubly bonded carbon; and
no. 4—combination of sp® oxygen and branching. Based on these considerations, the
promoters of decrease were avoided. The promoters of propagation were exanimated in
three different positions indicated by R1, L and R2 in the lead compound 25, which has the
higher pEC50 value. The structures of all designed compounds with their pEC50 values
are listed in Table S3 in the Supplemental Material.

Consequently, eight novel HCV NS5A inhibitors were selected based on these promot-
ers, which showed high activity among the designed NS5A inhibitors (Figure 3). All pEC50
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values of the selected inhibitors predicted by SMILES-based QSAR and GA-MLR QSAR
models were higher than that of the lead compound 25 (Figure 3). These newly designed
hits with their chemical structure, promoters increase, and predicted pEC50 values are

shown in Figure 3 and Table 3.

Table 3. The newly designed compounds and their predicted pECs using the Monte Carlo optimiza-

tion and the GA-MLR models.

. Promoters of Endpoint PECso PECsg
Designed Compound Increase (CORAL) (GA-MLR)
25 9.68 10.01
_ . . 3 . .
25a Combmatlon of sp° carbon w1jch branching 9.88 1015
- Maximum number of oxygen is 6
_ . . 3
25b Com.bmatlon of two sp carbo.ns 11.78 1013
- Maximum number of oxygen is 6
25¢ - Presence of sp® oxygen surrounded by two sp? carbons 12.18 11.18
- 3 3
25d Prgsence of sp” carbon surrounded by sp” oxygen and 1207 1123
sp° carbon
- Combination of sp3 nitrogen and sp? carbon in aliphatic ring
25e - Maximum number of oxygen is 6 11.95 10.71
- Maximum number of nitrogen is 8
- Presence of sp> carbon surrounded by sp? nitrogen and
3
25¢ sp” carbon , 12.05 12.28
- Maximum number of oxygen is 6
- Maximum number of nitrogen is 8
- Combination of two sp® carbons
25¢ - Com.bination of sp3 nitrogen a.nd sp> carbon in aliphatic ring 11.69 10.04
- Maximum number of oxygen is 6
- Maximum number of nitrogen is 8
- Presence of sp3 carbon surrounded by sp3 oxygen and
sp3 carbon
25h 12.19 11.44

- Combination of sp3 nitrogen and sp3 carbon in aliphatic ring
- Maximum number of nitrogen is 8

%c:
[EEE MH CHs
o @ o
: L o

HH

<;

25 (Lead compound)

R-

Figure 3. Cont.
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Figure 3. Chemical structures (25a—25h) of the newly designed compounds with favorable
structural features.

2.4. ADMET Study

In silico ADMET analysis was performed using AdmetSAR and OSIRIS servers to
evaluate the drug-likeness and pharmacokinetic characteristics of the newly designed
compounds. The designed hit compounds do not present risks in terms of tumorigenic,
irritant, mutagenic or reproductive effect profiles.

Water solubility is important for drug formulation and the determination of the
persistence of organic compounds in the environment. The results in Table 4 show that all
the newly developed compounds are soluble (water solubility is expressed in log (mol/L)).
In addition, the blood-brain barrier (BBB) is the major interface between the central nervous
system and the bloodstream. The BBB is an important property because it controls whether
drugs can pass through the brain barrier and exert their effects. It is believed that a molecule
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with a logBB > —1 is widely distributed in the brain. Consequently, the BBB permeability
results in Table 4 clearly show the non-penetrating BBB for the new suggested compounds.
Moreover, intestinal absorption in humans (HIA) is one of the most important ADME
properties. A compound with an intestinal absorption value greater than 30% is considered
to be highly absorbed. Consequently, all newly developed compounds can be expected to
have good biological activity, drug-like features, and ADMET properties.

Table 4. Pharmacokinetic and ADME properties of the designed molecules and the lead compound
evaluated using AdmetSAR and Osiris property explorer.

Pharmacokinetic

MW

Lipophilicity

Solubility

Properties (g-mol—1) (logP) log(mol/L) TPSA(A%)  HBA  HBD BBB HIA
25 835.50 6.71 —2.88 157.99 13 4 0.012 0.010
25a 849.52 6.67 -3.11 157.99 13 4 0.018 0.010
25b 863.53 6.95 -3.20 157.99 13 4 0.015 0.009
25¢ 865.51 5.37 -3.32 167.22 14 4 0.009 0.012
25d 879.53 5.68 -3.49 167.22 14 4 0.009 0.007
25e 864.53 4.73 -3.12 170.02 14 5 0.013 0.189
25f 878.54 4.85 —3.06 170.02 14 5 0.010 0.078
25g 878.54 5.39 —-3.06 184.01 14 6 0.023 0.049
25h 894.54 4.26 -3.28 193.24 15 6 0.015 0.035

Molecular weight (MW), blood-brain barrier (BBB), total polar surface area (TPSA), hydrogen bond acceptor
(HBA), hydrogen bond donor (HBD), human intestinal absorption (HIA).

3. Materials and Methods
3.1. Data Preparation

For this study, a dataset of 36 asymmetric inhibitors of HCV NS5A was used [14,19].
The chemical structures of these derivatives were drawn and were pre-optimized using the
molecular mechanics’ force field MMFF94 of the ChemDraw package. Then, their geome-
tries were optimized using the Gaussian 09 software [20], particularly the AM1 method
in the gas phase. We calculated vibrational spectra to confirm the optimized structures
to be the energy minima. The activity value of each molecule (half-maximal effective
concentration, ECsy) was converted to its negative logarithmic scale pECsy = —log (ECs)
and used as an independent variable to build QSAR models.

Two QSAR models were created using Monte Carlo optimization and the GA-MLR
technique. For the Monte Carlo method, the simplified molecular input line entry system
(SMILES) was used to symbolize the chemical structure and to develop QSAR models. They
were generated with ACD/ChemSketch software (File Version C35E41, Build 125843, 14 Jan
2022, Toronto, ON, Canada) [21]. For the GA-MLR model, the molecular descriptor values
(0D-3D) of the 36 compounds were computed using OCHEM [22]. To avoid multicollinear
variables in the QSAR model, the total number of variables generated was reduced by
excluding descriptors that possessed more than 95% constant values and descriptor pairs
with a correlation coefficient greater than 0.9. A final set of 625 descriptors was selected
from the initial pool of 3085 descriptors. The molecular structures and their corresponding
PECs data are listed in Table 5 (the SMILES notation can be found in the Supplemental
Materials in Table S1).
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Table 5. Chemical structures and the studied biological activity data.
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H

Y
Cg_/o

g

J
C@\%

t: test set. *:Ramification position

3.2. SMILES-Based QSAR Model Construction

The Monte Carlo optimization was used to create SMILES-based QSAR models using
CORAL 2019 [23]. The SMILES attributes were used in this software to predict the endpoint
using optimal descriptors (i.e., correlation weights (CWs)) and the balance-of-correlation
method [24]. Four splits were created from the 36 compounds. Each split was randomly
divided into 4 partitions: training (35%), invisible training (35%), calibration (15%), and
validation (15%). Each set has a different task in constructing the QSAR model. The training
set creates the QSAR model by calculating the correlation weight. The invisible training
(inv. Train) set is assigned to evaluate the fitness of the molecules that are not included in
the training set. The calibration set is used to identify the onset of overfitting, while the
validation set is used to test the models for the compounds that are not included in the
remaining sets [25-27].

Equation (3) describes the optimal descriptor of correlation weights:

SMILESDCW (T, Nepoch) = Y, CW(Sk) + Y CW(SSk) + Y CW(SSSk) + CW (HARD) + CW (Crmax) + CW (Nmax) + CW (Omax)  (3)
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SMILESHCW (T, Nepoch) combines SMILES-based attributes associated with a correla-
tion weight (CW). A description of the optimal SMILES parameters is provided in Table 6.

Table 6. Description of the SMILES attributes.

SMILES Notation Description

Sk One symbol or two symbols that cannot be examined separately
SSk Combination of two SMILES atoms

SSSk Combination of three SMILES atoms

HARD Existence of some chemical element

Crnax Number of rings

Nmax Number of nitrogen atoms

Omax Number of oxygen atoms

The linear regression approach was used to develop QSAR models after all CWs were
calculated as shown in Equation (4).

pECs0= Co + C1 x SMIESDCW (T, Nepocn) €Y

Cyp is the intercept, while Cj is the slope of the regression equation.

In the Monte Carlo method, we defined T as the threshold and Ny, as the number
of epochs. The T coefficient is used as a criterion to divide the SMILES attributes into two
classes: an active class in which SMILES attributes are involved in model construction
and a rare class (noise) that does not contain SMILES attributes. The T coefficient is used
as a criterion to divide the SMILES attributes into two categories: an active class where
SMILES attributes contribute to model construction and a rare class (noise) that contains
no SMILES attributes. Overtraining can result from these rare attributes producing a good
correlation during training and a poor correlation during validation. The N, provides
the best statistical quality during calibration [28].

To develop the QSAR models, two types of target functions (TF) are used. TF1 uses
balance of correlation as described in Equation (5), while TF2 adds the Index of Ideality of
Correlation (IIC) described in Equation (6) [29,30]. IIC (Equation (7)) was proposed as a
criterion for evaluating of the predictive power of the developed QSAR models. Namely, it
improves the accuracy of the model measured by the coefficient of determination (R?) and
the mean absolute error (MAE). The value of the coefficient WIIC (The weight of IIC) can
change the strength of the influence of IIC on Monte Carlo optimization. The preferred value
of WIIC can be determined by two factors: molecular diversity and endpoint nature [31-33].

TF; = Rtraining + Riny.train — |Rtraining - inv.train| x Const ®)

TF, = TF; + IIC x Wy 6)

min(~ MAEset, "MAEset)
max(~MAEset, tMAEset)

Rtraining and Rinv.train are correlation coefficients between the experimental pECs
and the calculated pECsg for each respective set. The empirical Const is typically fixed.
Moreover, Rget is the value of the correlation coefficient between the observed and predicted
endpoint of a give set. MAE is the mean absolute error, calculated as follows:

TIC = Reet X )

1 N e
MAEset = N Y 118k (A < 0, "N is the No. of A < 0) (8)
*MAEset = —; f:*l|Ak| (Ax > 0, TN is the No. of A, > 0) )
+

where, Ay = Observedy — Predictedy = pECsk(obs) — pECg,k(pred) (10)

Ay is the accuracy for the kth substance from a set.



Molecules 2022, 27, 2729

14 of 17

A grid-search was used for the best values of T and Nepocn for the four splits (1 to 10
for T and 1 to 30 for Nepoch)- The number of optimization probes was set to 3.

3.3. GA-MLR QSAR Construction

The first step in QSAR analysis is to choose the most relevant descriptors from the
entire pool of computed descriptors. For this purpose, the stepwise linear regression
method was applied, and the value of the leave-one-out cross-validation coefficient was
used as the fitness function. Thus, 3085 different molecular descriptors were calculated
using the OCHEM server [22]. The calculated descriptors were first examined to remove
the near-constant and constant variables to decrease the redundancy in the matrix of
descriptors. The correlation between the calculated descriptors and inhibitory activity was
examined to exclude the collinear descriptors. Finally, 625 molecular descriptors were
filtered out from the original set of variables. Then, the stepwise-MLR method was used
to select the most relevant descriptors. Finally, three molecular descriptors were selected
from the whole set. Based on the selected molecular descriptors, the MLR method used the
ordinary least squares (OLS) algorithm to establish a linear relationship between the pEC50
endpoints of NS5A inhibitors and their molecular descriptors. QSARINS software was
used to create the GA-MLR model [34,35]. The data set was randomly split into training
(26 molecules) and testing (10 molecules) sets with a percentage distribution of 70% and
30%, respectively. The default parameters were used to build the GA-MLR models, except
for: subsets = 1 to 5, maximum generation = 10,000 and mutation probability = 0.05.

3.4. QSAR Models Validation

The validation process is essential in QSAR to test the model’s suitability to make
reliable forecasts of the modeled activity for new compounds with an unknown reaction.
This process is considered one of the crucial steps to check the robustness, predictability
and reliability of any QSAR model. Four steps are usually used to validate the constructed
model, including (a) internal validation or cross-validation using the training set, (b) Y-
randomization, (c) independent validation using the test set, and (d) applicability domain
(AD) evaluation [36].

3.4.1. Validation of GA-MLR QSAR Model

In the GA-MLR, the validity of the generated QSAR model was confirmed based
on: internal validation using leave-many-out (LMO) and leave-one-out (LOO) procedures,
Y-randomization, independent validation, and finally by checking the model AD. Moreover,
thorough fulfillment of the respective thresholds for the statistical metrics proposed in the
literature was evaluated [37]: the determination coefficient Rfr > 0.6, the Cross-validated
Q120 , = 0.5, the determination coefficient obtained for the test set Rgxt > 0.6, the root-mean
square error RMSE; < RMSE.,, the concordance correlation coefficient (CCC) > 0.80,
Q%n > 0.6, the Y-scramble correlation coefficient R%s o+ < 0.2, the the Y-scramble cross-
validation coefficient Q%,s o <02, Q%,S o < R%s . the root-mean-square of Y randomization

RMSE 4y yser and the mean absolute error (MAE) should be near to zero.

3.4.2. Validation of CORAL QSAR Model

In Monte Carlo optimization, additional parameters were used to verify the quality
of the predictions of the QSAR models. C R2 is the deviation of the mean determination

coefficient of the randomized models (R?) from the determination coefficient of the non-
randomized models (R?). C R2 should be greater than 0.5 for an acceptable QSAR model.

R2, is a metric proposed by Roy et al. [38,39] to indicate the external predictability of QSAR
models; the average R2, (AvgR?2,) should be greater than 0.5, and AR2, should be less than
0.2 (AR?, = R2, (x,y) — R?, (yx). x is the experimental value while y is the predicted value
of endpoint).

Any QSAR model that does not meet the above criteria is eliminated. The formulas
for calculating these statistical parameters are listed in Supplementary Material Table S2.
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3.5. Applicability Domain

The applicability domain (AD) was proposed by the Organization for Economic
Cooperation and Development (OECD) guidelines. AD allows the evaluation of the
uncertainty in the prediction of a given molecule based on its similarity to the compounds
used to develop the model. Compounds outside the AD are considered as outliers

In CORAL QSAR models, the AD is determined by the calculated statistical defects
d(A) of SMILES based on the distribution of available data among all sets (Equation (11)).
The d(A) of the SMILES attribute is depicted as the difference between the probability of
the attribute in the training set and that of the calibration set. Outliers are SMILES, whose
SMILE error is higher than twice the average error over training set compounds.

_|Pa) - P(a)|

A 11
Here, P(A) and P/(A) are the probabilities of the attributes (A) in the training and
calibration set, respectively; N(A) and N’(A) are the numbers of times attribute (A) appears
in the training and calibration set respectively.
The statistical defect (D) for a particular molecule is the total of the statistical defects,

d(A), of all the attributes accessible in the SMILES notation.

D = defect(SMILES) = Y ", d(A) (12)
A molecule is considered outlier when D > 2 x D (13)

D is the average of the calculated D of training, inv. Train and calibration sets [40].

In the GA-MLR model, the William plot of standardized residual versus leverage was
used to visualize the model AD. Reliable model predictions have leverage values framed
between the critical leverage with £3 standard deviations and lower than the warning
leverage value h* of 0.48. Outliers are compounds that fall outside the horizontal reference
lines on the plot. In contrast, the influential chemicals are compounds that have h > h* [41].

3.6. ADMET Study

ADMET assessment is critical in the early phase of drug discovery. A high-quality
therapeutic agent is expected to have excellent efficacy against the target receptor and
excellent ADMET properties at a therapeutic dose. Therefore, it is necessary to evaluate
the pharmacokinetic profile of the Hit compounds to prevent subsequent drug failure [42].
Drug-likeness properties explain how a compound is distributed inside an organism and
thus influence its pharmacological efficacy [43]. The ADMET predictions of the designed
compounds were evaluated using AdmetSAR and Osiris property explorer [44,45].

4. Conclusions

Hepatitis C virus is a worldwide health problem that causes several life-threatening
chronic liver diseases. Currently, there is no effective vaccine against hepatitis C, and
treatment is still quite difficult. Computational methods have repeatedly proven useful
in addressing the unique challenges of antiviral drug discovery. In this study, two QSAR
models were developed to determine the quantitative relationship between anti-NS5A
HCV biological activity and the molecular structure of a series of NS5A inhibitors. Two
models were constructed using the GA-MLR and Monte Carlo optimization techniques.
The results of the two models were in accordance with OECD guidelines. The model
based on SMILES was used to evaluate the effects of the presence or absence of different
molecular fragments on the biological activity studied. These results provided insights
into the design of the eight novel NS5A inhibitors (against the NS5A target). The GA-MLR
model confirmed the obtained inhibitory activities of the eight compounds. The ADMET
study demonstrated that the designed molecules have advantageous chemical properties
that provide promising inhibitory activity against NS5A.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27092729 /s1. Table S1: SMILES notation for the 36 com-
pounds and their experimental activity data; Table S2: The mathematical equation of various statistical
parameters; Table S3: Chemical structures of designed NS5A inhibitors.

Author Contributions: Conceptualization, W.L., D.C. and A.E.A.; methodology, W.L., M.O., LH.
and I.B.; formal analysis, W.L., D.C., R.D. and A.E.A.; resources, D.C. and A.E.A_; writing—original
draft preparation, W.L, M.O. and L.H.; writing—review and editing, D.V,, D.C,, R.D. and AE.A;;
supervision, D.C., R.D. and A.E.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Paola Gramatica for providing a copy of
QSARINS Software.

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

Sample Availability: Samples of the compounds are not available from the authors.

References

1.  De Oliveria Andrade, L.; D’oliveira, A.; Melo, R.C.; De Souza, E.C.; Silva, C.A.C.; Parana, R. Association between hepatitis C and
hepatocellular carcinoma. J. Glob. Infect. Dis. 2009, 1, 33. [CrossRef] [PubMed]

2. Davis, G. Projecting future complications of chronic hepatitis C in the United States. Liver Transpl. 2003, 9, 331-338. [CrossRef]
[PubMed]

3.  Hepatitis, C. Available online: https://www.who.int/news-room/fact-sheets/detail /hepatitis-c (accessed on 10 December 2021).

4. Moradpour, D.; Penin, F. Hepatitis C Virus Proteins: From Structure to Function. Curr. Top. Microbiol. Immunol. 2013, 369, 113-142.
[CrossRef]

5. Gudji, S.K,; Chhabra, M.; Rashid, M. Genotype-8: A Modern Family Member of Hepatitis C Virus. Indian |. Pharm. Educ. Res. 2019,
53, s518-s521. [CrossRef]

6.  Venkatesan, A; Prabhu Dass ], F. Review on chemogenomic approaches towards hepatitis C viral targets. J. Cell. Biochem. 2019,
120, 12167-12181. [CrossRef] [PubMed]

7. Baumert, T.F,; Berg, T,; Lim, ].K; Nelson, D.R. Status of Direct-Acting Antiviral Therapy for Hepatitis C Virus Infection and
Remaining Challenges. Gastroenterology 2019, 156, 431-445. [CrossRef]

8.  Das, D.; Pandya, M. Recent Advancement of Direct-acting Antiviral Agents (DAAs) in Hepatitis C Therapy. Mini-Rev. Med. Chem.
2018, 18, 584-596. [CrossRef] [PubMed]

9. Zhong, M,; Peng, E.; Huang, N.; Huang, Q.; Huq, A.; Lau, M.; Colonno, R; Li, L. Discovery of ravidasvir (PPI-668) as a potent
pan-genotypic HCV NS5A inhibitor. Bioorganic Med. Chem. Lett. 2016, 26, 4508-4512. [CrossRef]

10. Pawlotsky, J.-M. NS5A inhibitors in the treatment of hepatitis C. J. Hepatol. 2013, 59, 375-382. [CrossRef]

11. Nakamoto, S.; Kanda, T.; Shirasawa, H.; Yokosuka, O. Antiviral therapies for chronic hepatitis C virus infection with cirrhosis.
World . Hepatol. 2015, 7, 1133. [CrossRef]

12.  Kobayashi, Y.; Yoshida, K. Development of QSAR models for prediction of fish bioconcentration factors using physicochemical
properties and molecular descriptors with machine learning algorithms. Ecol. Inform. 2021, 63, 101285. [CrossRef]

13.  Hdoufane, I; Bjij, I.; Oubahmane, M.; Soliman, M.E.; Villemin, D.; Cherqaoui, D. In silico design and analysis of NS4B inhibitors
against hepatitis C virus. J. Biomol. Struct. Dyn. 2020, 40, 1915-1929. [CrossRef] [PubMed]

14. Nakamura, H.; Akagi, Y.; Terui, T.; Fujioka, S.; Komoda, Y.; Kinoshita, W.; Maeda, K.; Ukaji, Y.; Inaba, T. Discovery of a novel
unsymmetrical structural class of HCV NS5A inhibitors with low picomolar antiviral activity. Bioorganic Med. Chem. Lett. 2020,
30, 126932. [CrossRef] [PubMed]

15.  Golbraikh, A.; Tropsha, A. Beware of q2! |. Mol. Graph. Model. 2002, 20, 269-276. [CrossRef]

16. Ojha, PK,; Mitra, I.; Das, R.N.; Roy, K. Further exploring rm2 metrics for validation of QSPR models. Chemom. Intell. Lab. Syst.
2011, 107, 194-205. [CrossRef]

17.  Chirico, N.; Gramatica, P. Real external predictivity of QSAR models: How to evaluate It? Comparison of different validation
criteria and proposal of using the concordance correlation coefficient. J. Chem. Inf. Modeling 2011, 51, 2320-2335. [CrossRef]

18.  Chirico, N.; Gramatica, P. Real external predictivity of QSAR models. Part 2. New intercomparable thresholds for different

validation criteria and the need for scatter plot inspection. J. Chem. Inf. Modeling 2012, 52, 2044-2058. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27092729/s1
https://www.mdpi.com/article/10.3390/molecules27092729/s1
http://doi.org/10.4103/0974-777X.52979
http://www.ncbi.nlm.nih.gov/pubmed/20300384
http://doi.org/10.1053/jlts.2003.50073
http://www.ncbi.nlm.nih.gov/pubmed/12682882
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
http://doi.org/10.1007/978-3-642-27340-7_5
http://doi.org/10.5530/ijper.53.4s.146
http://doi.org/10.1002/jcb.28581
http://www.ncbi.nlm.nih.gov/pubmed/30887580
http://doi.org/10.1053/j.gastro.2018.10.024
http://doi.org/10.2174/1389557517666170913111930
http://www.ncbi.nlm.nih.gov/pubmed/28901852
http://doi.org/10.1016/j.bmcl.2016.07.066
http://doi.org/10.1016/j.jhep.2013.03.030
http://doi.org/10.4254/wjh.v7.i8.1133
http://doi.org/10.1016/j.ecoinf.2021.101285
http://doi.org/10.1080/07391102.2020.1839561
http://www.ncbi.nlm.nih.gov/pubmed/33118481
http://doi.org/10.1016/j.bmcl.2019.126932
http://www.ncbi.nlm.nih.gov/pubmed/31952964
http://doi.org/10.1016/S1093-3263(01)00123-1
http://doi.org/10.1016/j.chemolab.2011.03.011
http://doi.org/10.1021/CI200211N
http://doi.org/10.1021/ci300084j

Molecules 2022, 27, 2729 17 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Nakamura, H.; Fujioka, S.; Terui, T.; Okuda, S.; Kondo, K.; Tamatani, Y.; Akagi, Y.; Komoda, Y.; Kinoshita, W.; Ito, S.; et al. Orally
bioavailable HCV NS5A inhibitors of unsymmetrical structural class. Bioorganic Med. Chem. Lett. 2020, 30, 127361. [CrossRef]
Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Fox, Gaussian 09, Wallingford C.T. 2009. Available online: http://gaussian.com/ (accessed on
18 February 2022).

Chemical Structure Drawing Software | ACD/ChemSketch. Available online: https://www.acdlabs.com/products/draw_nom/
draw/chemsketch/ (accessed on 15 February 2022).

Sushko, I.; Novotarskyi, S.; Korner, R.; Pandey, A.K.; Rupp, M.; Teetz, W.; Brandmaier, S.; Abdelaziz, A.; Prokopenko, V.V,;
Tanchuk, V.Y;; et al. Online chemical modeling environment (OCHEM): Web platform for data storage, model development and
publishing of chemical information. J. Comput. Aided. Mol. Des. 2011, 25, 533-554. [CrossRef]

CORAL/Free Software for QSAR and nanoQSAR. Available online: http://www.insilico.eu/coral/ (accessed on 9 December 2021).
Kumar, P.; Kumar, A.; Sindhu, J.; Lal, S. QSAR Models for Nitrogen Containing Monophosphonate and Bisphosphonate
Derivatives as Human Farnesyl Pyrophosphate Synthase Inhibitors Based on Monte Carlo Method. Drug Res. 2019, 69, 159-167.
[CrossRef]

Duhan, M.; Singh, R.; Devi, M.; Sindhu, J.; Bhatia, R.; Kumar, A.; Kumar, P. Synthesis, molecular docking and QSAR study of
thiazole clubbed pyrazole hybrid as x-amylase inhibitor. J. Biomol. Struct. Dyn. 2021, 39, 91-107. [CrossRef] [PubMed]

Kumar, P; Kumar, A. Monte Carlo Method Based QSAR Studies of Mer Kinase Inhibitors in Compliance with OECD Principles.
Drug Res. 2018, 68, 189-195. [CrossRef] [PubMed]

Achary, P.,; Toropova, A.; Toropov, A. Combinations of graph invariants and attributes of simplified molecular input-line entry
system (SMILES) to build up models for sweetness. Food Res. Int. 2019, 122, 40-46. [CrossRef] [PubMed]

Kumar, P,; Kumar, A. CORAL: QSAR models of CB1 cannabinoid receptor inhibitors based on local and global SMILES attributes
with the index of ideality of correlation and the correlation contradiction index. Chemom. Intell. Lab. Syst. 2020, 200, 103982.
[CrossRef]

Duhan, M.; Kumar, P; Sindhu, J.; Singh, R.; Devi, M.; Kumar, A.; Kumar, R.; Lal, S. Exploring biological efficacy of novel
benzothiazole linked 2,5-disubstituted-1,3,4-oxadiazole hybrids as efficient x-amylase inhibitors: Synthesis, characterization,
inhibition, molecular docking, molecular dynamics and Monte Carlo based QSAR studies. Comput. Biol. Med. 2021, 138, 104876.
[CrossRef] [PubMed]

Toropov, A.; Raska, I.; Toropova, A.P.; Raskova, M.; Veselinovi¢, A.M.; Veselinovi¢, ].B. The study of the index of ideality of
correlation as a new criterion of predictive potential of QSPR/QSAR-models. Sci. Total Environ. 2019, 659, 1387-1394. [CrossRef]
Toropova, A.P,; Toropov, A.A. The index of ideality of correlation: Improvement of models for toxicity to algae. Nat. Prod. Res.
2019, 33, 2200-2207. [CrossRef]

Toropova, A.P,; Toropov, A. The index of ideality of correlation: A criterion of predictability of QSAR models for skin permeability?
Sci. Total Environ. 2017, 586, 466-472. [CrossRef]

Kumar, P; Kumar, A.; Sindhu, J. Design and development of novel focal adhesion kinase (FAK) inhibitors using Monte Carlo
method with index of ideality of correlation to validate QSAR. SAR QSAR Environ. Res. 2019, 30, 63-80. [CrossRef]

Gramatica, P.; Chirico, N.; Papa, E.; Cassani, S.; Kovarich, S. QSARINS: A new software for the development, analysis, and
validation of QSAR MLR models. J. Comput. Chem. 2013, 34, 2121-2132. [CrossRef]

Gramatica, P.; Cassani, S.; Chirico, N. QSARINS-chem: Insubria datasets and new QSAR/QSPR models for environmental
pollutants in QSARINS. |. Comput. Chem. 2014, 35, 1036-1044. [CrossRef] [PubMed]

Gramatica, P. Principles of QSAR models validation: Internal and external. QSAR Comb. Sci. 2007, 26, 694-701. [CrossRef]
Veerasamy, R.; Rajak, H.; Jain, A ; Sivadasan, S.; Varghese, C.P.; Agrawal, R.K. Validation of QSAR Models—Strategies and
Importance. Int. J. Drug Des. Discov. 2011, 2, 511-519.

Roy, PP; Paul, S.; Mitra, I.; Roy, K. On Two Novel Parameters for Validation of Predictive QSAR Models. Molecules 2009,
14, 1660-1701. [CrossRef]

Roy, K.; Kar, S. The rm2 metrics and regression through origin approach: Reliable and useful validation tools for predictive QSAR
models (Commentary on ‘Is regression through origin useful in external validation of QSAR models?’). Eur. ]. Pharm. Sci. 2014,
62, 111-114. [CrossRef]

Toropov, A.; Toropova, A.; Lombardo, A.; Roncaglioni, A.; Benfenati, E.; Gini, G. CORAL: Building up the model for bioconcen-
tration factor and defining it’s applicability domain. Eur. ]. Med. Chem. 2011, 46, 1400-1403. [CrossRef]

Dimitrov, S.; Dimitrova, G.; Pavlov, T.; Dimitrova, N.; Patlewicz, G.; Niemela, J.; Mekenyan, O. A stepwise approach for defining
the applicability domain of SAR and QSAR models. J. Chem. Inf. Modeling 2005, 45, 839-849. [CrossRef]

Guan, L.; Yang, H.; Cai, Y.; Sun, L.; Di, P; Li, W; Liu, G; Tang, Y. ADMET-score—A comprehensive scoring function for evaluation
of chemical drug-likeness. Medchemcomm 2019, 10, 148-157. [CrossRef]

Tian, S.; Wang, J.; Li, Y.; Li, D.; Xu, L.; Hou, T. The application of in silico drug-likeness predictions in pharmaceutical research.
Adv. Drug Deliv. Rev. 2015, 86, 2-10. [CrossRef]

Yang, H.; Lou, C.; Sun, L.; Li, J; Cai, Y.,; Wang, Z.; Li, W.; Liu, G.; Tang, Y. AdmetSAR 2.0: Web-service for prediction and
optimization of chemical ADMET properties. Bioinformatics 2019, 35, 1067-1069. [CrossRef]

Molecular Properties Prediction—Osiris Property Explorer. Available online: https://www.organic-chemistry.org/prog/peo/
(accessed on 10 December 2021).


http://doi.org/10.1016/j.bmcl.2020.127361
http://gaussian.com/
https://www.acdlabs.com/products/draw_nom/draw/chemsketch/
https://www.acdlabs.com/products/draw_nom/draw/chemsketch/
http://doi.org/10.1007/s10822-011-9440-2
http://www.insilico.eu/coral/
http://doi.org/10.1055/a-0652-5290
http://doi.org/10.1080/07391102.2019.1704885
http://www.ncbi.nlm.nih.gov/pubmed/31838966
http://doi.org/10.1055/s-0043-119288
http://www.ncbi.nlm.nih.gov/pubmed/28992659
http://doi.org/10.1016/j.foodres.2019.03.067
http://www.ncbi.nlm.nih.gov/pubmed/31229093
http://doi.org/10.1016/j.chemolab.2020.103982
http://doi.org/10.1016/j.compbiomed.2021.104876
http://www.ncbi.nlm.nih.gov/pubmed/34598068
http://doi.org/10.1016/j.scitotenv.2018.12.439
http://doi.org/10.1080/14786419.2018.1493591
http://doi.org/10.1016/j.scitotenv.2017.01.198
http://doi.org/10.1080/1062936X.2018.1564067
http://doi.org/10.1002/jcc.23361
http://doi.org/10.1002/jcc.23576
http://www.ncbi.nlm.nih.gov/pubmed/24599647
http://doi.org/10.1002/qsar.200610151
http://doi.org/10.3390/molecules14051660
http://doi.org/10.1016/j.ejps.2014.05.019
http://doi.org/10.1016/j.ejmech.2011.01.018
http://doi.org/10.1021/ci0500381
http://doi.org/10.1039/C8MD00472B
http://doi.org/10.1016/j.addr.2015.01.009
http://doi.org/10.1093/bioinformatics/bty707
https://www.organic-chemistry.org/prog/peo/

	Introduction 
	Results and Discussion 
	SMILES-Based QSAR Model 
	GA-MLR QSAR Model 
	Mechanistic Interpretation 
	ADMET Study 

	Materials and Methods 
	Data Preparation 
	SMILES-Based QSAR Model Construction 
	GA-MLR QSAR Construction 
	QSAR Models Validation 
	Validation of GA-MLR QSAR Model 
	Validation of CORAL QSAR Model 

	Applicability Domain 
	ADMET Study 

	Conclusions 
	References

