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Abstract

Aim: To develop good and rational Quantitative Structure Activity Relationship (QSAR)
mathematical models that can predict to a significant accuracy the anti-Salmonella typhi
minimum inhibitory concentration (MIC) of Schiff bases and using the information provided
by the model to design highly potent novel potential drug candidates against the pathogen.
Methods: A set of 35 Schiff bases with their antibacterial activities in terms of minimum
inhibitory concentration (MIC) against Salmonella typhi were selected for 0D, 1D, 2D
and 3D quantitative structure activity relationship (QSAR) analysis by means of Density
Functional Theory (DFT) using the Becke’s three-parameter hybrid functional (B3LY P)
and 6-31G* basis set. The computed descriptors were correlated with their experimental
MIC. Genetic function approximation (GFA) based Multi-linear regression analysis (MLR)
was used to derive the most statistically significant QSAR model.

Results: Among the obtained QSAR models, the most statistically significant one was a
tetra-parametric linear equation with the squared correlation coefficient (R?) value of 0.8026,
adjusted squared correlation coefficient (R2%adj) value of 0.7587 and L eave one out (LOO)
cross validation coefficient (Q?) value of 0.7453. An external set was used for confirming
the predictive power of the model, its R?pred.= 0.7000, LOF score = 0.0635, F-value =
18.2945, <0.05. Four new drug candidates against Salmonella typhi were designed.
Conclusion: The QSAR results reveal the predominance of electro-topological descriptor,
SHSOH in influencing the anti-Salmonella typhi bioactivity of the studied Schiff bases.
The QSAR modd was found to be stable and reliable.
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Introduction

Enteric fever is a pervasive disease in the tropical
and subtropical regions of the world. It is caused
by the bacterium Salmonella typhi (S. typhi). It
is a systemic disease and occurs by ingestion of
infected food or water usually from a feco-oral
source (1). It is a global problem and widely
prevalent in the tropical and subtropical regions of
the world with an estimated 12-33 million cases
and at least 250,000 deaths occurring annually,
constituting a serious source of morbidities and
mortalities in these regions (2).

S. typhi bacterium has gained resistance to
antibiotics like ampicillin, ceftriaxone and cotrimo-
xazole, besides devel oping resistance to previously
efficacious drugs like ciprofloxacin. The current
worldwide increase in antimicrobial resistance by
S. typhi and lack in the development of new
antibiotics have serious public health and economic
implications. The reason for increasing resistance
is multifactorial, but the main cause isthe high level
of inappropriate antibiotic usage (2). Thus, the need
to urgently search for new antibiotics that will arrest
this dangerous trend of multi-drug resistance by this
organism (S. typhi) has become a sine qua non.
The enormous inhibitory activity of Schiff bases
against the growth of S. typhi (3-5) has made them
potential drug candidates in man’s quest to curb the
dangerous trend of multi-drug resistance posed by
this pathogenic micro-organism.

The knowledge of the dominant structural features
influencing the observed anti-bacteria activities of
these molecules is an essential step towards the
discovery and development of novel anti-S. typhi
Schiff bases as this will aid the optimization of the
existing structures to obtain candidates with higher
bioactivity against the organism.

An essential step of drug discovery involves the
modification of the hits in order to improve the
biological properties of the compounds (6). The
application of quantitative structure activity
relationship (QSAR) methodol ogies has potential to
decrease substantially the time and effort required
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to discover new medicines or to improve current
ones in terms of their efficacy by avoiding the
conventional trial and error approach employed in
the discovery and development of novel medicines
by avoiding leads unlikely to be successful. Thus,
promoting green and greener chemistry by
reducing waste and increasing efficiency. More-
over, such in silico methods in addition to theoreti-
cally helping to modify the compounds to exhibit
the most potency, also help to obtain drug
candidates with most selectivity, best pharmaco-
kinetics and |east toxicity.

QSAR establishes the mathematical relationship
between physico-chemical properties or biological
activities of interest and measurable or computable
parameters called molecular descriptors (7). The
fundamental principle underlying QSAR isthat the
differencein structural propertiesisresponsible for
the variations in biological activities of the
compounds. It assumes that the potency of a
certain biological activity exerted by a series of
congeneric compounds is a function of various
physico-chemical parameters of the compounds.
Once statistical analysis shows that certain
physico-chemical properties are favorable to the
concerned activity, the concerned activity can be
optimized by choosing such substituents which
would enhance such physico-chemical properties
(8).

Though, similar QSAR work has been carried out
on the data set under investigation by Adawara et
a (9) but with semi-empirical method of molecular
optimization which has been proven to provide less
accurate result compared to DFT deployed in this
study. Likewise, the model generated by the
aforementioned authors met the minimum criteria
for generally acceptable QSAR models except that
the model was not externally validated, making it
difficult to estimate the true predictive power of
the model.

The aim of the present study is to build robust,
rational, and predictive DFT based QSAR models
for Salmonella typhi inhibitory activity of Schiff
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bases using Genetic Function Approximation and
using the information obtained from the most
statistically significant model to design highly potent
novel anti-Salmonella typhi Schiff bases.

Methods

Data sources

A novel series of 35 Schiff bases with potent anti-
S. typhi activities in vitro were collected from
literature (3-5,10,11) to perform this study. The
general molecular structures of the studied
compounds, toxicity values and their CAS registry
number are shown in Table 1. The anti-S. typhi
activities expressed as uM were converted into the
corresponding pMIC (pMIC = 1ogMIC) values and
used as dependent variables in the QSAR study.

Molecular descriptors

The “Cascade method” of molecular optimization
was used for this study (12). Here, the molecules
were first pre-optimized with the molecular
mechanics procedure included in Spartan’14
V1.1.0 software and the resulting geometries were
further refined by means of Semi-empirical (pm3)
and DFT (B3LYP) using 6-31G" basis set. The

molecular descriptors used in the QSAR modelling
were calculated using Padel descriptor tool kit,
Spartan 14 software and ChmBio3D Pro 12.0.1V
software.

Satistical analysis

In this stage, the correlations between pMIC of the
compounds and the calculated descriptors were
obtained via correlation anaysis using the Microsoft
excel package in Microsoft office 2013. Pearson’s
correlation matrix was used as a qualitative model,
in order to select the suitable descriptors for each
regression analysis. The selected descriptors were
subjected to regression analysis with the pMIC as
the dependent variable and the selected descriptors
as the independent variables using Genetic function
approximation (GFA) method in Material studio
software. It is a distinctive characteristic of GFA
that it could create a population of models rather than
asingle model. GFA agorithm, selecting the basic
functions genetically, developed better models than
those made using stepwise regression methods. And
then, the models were estimated using the “lack of
fit” (LOF), which was measured using a slight
variation of the origina Friedman formula, so that
best model received the best fitness score (13-16).

Table 1. Anti-Salmonella typhi activity of the compounds (MIC pg/ml and pMIC)

R1
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Parent structure for compound 1-8.
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Cpd. R pMIC Pred. pMIC Residual
1 3-OCH; 1.26 171 -0.45
2 3,4-OCH; 1.20 1.66 -0.46
3 3,4,5-OCH; 1.60 1.59 0.01
4 3-OCHs, 4-OH 0.90 0.90 0.00
5 4-F 1.78 1.72 0.06
6 4-Cl 1.48 1.72 -0.24
7 4-Br 1.81 1.72 0.09
8 41 2.08 1.72 0.36
H N
=
9 Ho\& O\/b 1.70 2.49 -0.79
HO
10 N /E N 2.40 2.40 0.00
1 ”E/”\m/© 2.30 2.28 0.02
12 e 2.00 2.00 0.00
13 2.30 2.31 -0.01

\E\@
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Parent structure for compound 14-29

>—<
- TN
--__Tl.- -H :::::':'::- —_ . ;}= [
Cpd. R R* R? R3 pMIC Pred. pMIC residual
14 Cl 1.34 1.49 -0.15
15 Br 1.28 1.50 -0.22
16" H H H F 1.34 1.49 -0.15
17 H H Cl F 1.90 1.46 0.44
18 H H H CHs: 1.26 1.50 -0.24
19 H H H OCHs; 1.62 1.50 0.12
200 H H H NO. 1.36 1.48 -0.12
21 H NO. H NO. 1.28 1.38 -0.10
22"  Br H H Cl 1.58 1.46 0.12
23  Br H H Br 1.32 1.46 -0.14
24" Br H H F 1.36 1.46 -0.10
25 Br H Cl F 1.32 1.42 -0.10
26° Br H H CHs 1.38 1.46 -0.08
27 Br H H OCHs; 1.62 1.47 0.15
28" Br H H NO. 1.30 1.45 -0.15
29 Br NO. H NO., 1.32 1.35 -0.03
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Parent structure for compound 30-35
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Cpd R R pMIC  Pred. MIC Residual
30 H N(CH3), 128 1.27 -0.01
31 H N(CzHs)2 118 1.15 -0.09
32 H N(CgHs)2 1.20 115 -0.05
33 H N(CsH11)2 123 115 0.08

—N NH
34 H \ / 130 1.33 -0.03
35 H / \ 136 127 0.09

(@] N

NS

"Test set compound
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Model validation and evaluation

To validate the rationality and reliability of QSAR
models, the total set of these analogues was
randomly divided into atraining set (23 compounds)
to generate the QSAR models and a test set (11
compounds) to evaluate the predictive power of the
resulting model externally. The well-known scheme
of “leave-one-out” (LOQO) cross-validation was
adopted. Usually, the square of cross-validation
coefficient (g?), which was used as a criterion to
eva uate both the robustness and the predictive ability
of the moddl, should be > 0.5 for a reliable model
(17). Other validation parameters deployed in this
study include the sgquare of the correlation coeffici-
ent, R?(threshold of >0.6). It describes the fraction
of the total variation attributed to the model (18).
Also, for the alternative hypothesis that the
magnitude of the observed S. typhi inhibitory
activities of Schiff bases is a direct function of the
descriptor of the total chemical structure of the
compounds to take preference over the null

Model 1:

hypothesis which states otherwise, the P-value of
the model at 95% confidence level was determined.
Moreover, an external validation is also crucial to
obtain QSAR models with more reliable predictive
abilities (18). The optimum QSAR model was
externally validated using the test set of 11
molecules with proven S. typhi inhibitory activity
by using the optimum model (model 1) to predict
the MIC of the compounds.

Results and Discussion

Models 1, 2, 3 give the best three Genetic Function
Approximation derived QSAR models for pMIC of
anti- S. typhi molecules. Based on the model with
the least LOF, Model 1 was chosen as the best
model for predicting the pMIC of anti- S. typhi
Schiff bases. Likewise, its validation parameters are
in good agreement with the standard validation
metrics for a robust QSAR model proposed by
Ravinchandra et a. (18).

pMIC = —0.0423SPC - 5.381SHsOH + 0.104maxsOH + 5.0MLFER + 1.814

LOF = 0.06353, R* = 0.802584, R’y = 0.758714, Q°Loo = 0.745292, F-value = 18.294515, P value at
95% confidence level < 0.0001, Min expt. error for non-significant LOF (95%) = 0.16089000.

Model 2:

pMIC = —0.0422SPC - 5.3925Hs0H + 0.104minssOH + 5.019MLFER — A + 1.813

LOF = 0.063532, R? = 0.802576, R’ = 0.758704, Q° o0 = 0.745608, F-value = 18.293617, Min expt.

error for non-significant L OF (95%) = 0.16089300.

Model 3:

pMIC = —0.0425PC - 5.454SHsOH + 1.618maxHsOH + 5.177MLFER + 1.81

LOF = 0.06373800, R* = 0.801937, R?y; = 0.757923, Q% 0o = 0.732588, F-value = 18.220071, Min expt.
error for non-significant LOF (95%) for model 1=0.16115300.
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Where MinsOH is Minimum atom-type electro-
topologicd date (E-Sate: -OH) descriptor, SPC the
Simple path cluster, MaxsOH the Maximum atom-
type E-State: -OH, MLFER the Overall or summation
solute hydrogen bond acidity, MaxHsOH the
Maximum atom-type E-State: -OH, and SHSOH the
Sum of atom-type E-State: -OHmolecular descriptors.
The predictability of model 1 is evidenced by the
low residual values for both test and training set
compounds presented in Table 1 which gives the
comparison of observed and predicted pMIC of the
anti- S. typhi Schiff bases. Also, the high linearity
(R? = 0.8026) of the plot of predicted pMIC
against observed pMIC shown in Figure 1
indicates that the model is well trained and it
predicts well the pMIC of the compounds.

To ascertain whether there exists a systematic
error in the model development, the residual pMIC
was plotted against observed pMIC (Figure 2). The
propagation of residuals on both sides of zero
indicates that there was no systemic error in model
development (19).

The P-value of the optimization model at 95%
confidence level has a value of < 0.0001 far less
than the minimum threshold of < 0.05 at this
confidence level. This reveals that the alternative
hypothesis that the magnitude of the observed anti-

S. typhi inhibitory activity of the Schiff basesis a
direct function of the descriptors of their total
chemica structures takes preference over the null
hypothesis which states otherwise.

The result of the QSAR modelling hinted the
predominance of an electro-topological descriptor,
SHsSOH over other descriptors in the model in
influencing the anti-Salmonella typhi bioactivity of
the studied Schiff bases owing to itsrelatively high
numerical percentage contribution of 51.11% to the
model. The percentage contribution of other
descriptors include 0.40% (SPC), 0.99 (MaxsOH),
47.50% (MLFER).

The negative coefficient of SHSOH descriptor in the
model implies that the minimum inhibitory concen-
tration (MIC) of the Schiff bases that fall within the
model’s applicability domain increases with decrease
in the value of this descriptor. Since activity varies
inversaly with MIC, it can be inferred that the S.
typhi inhibitory potentia of these molecules isin
direct proportion with the value of this descriptor in
them. Thisisin consonance with the result of QSAR
modelling of anti-bacterial activities of smple 2-
hydroxy chalcones by Basic et a. (20) in which they
found that increase in value of SHSOH descriptor
in the chal cone derivatives aso enhances their anti-
bacterial activities.

Figure 1. Plot of actual pMIC against predicted pMIC

Predicted phalC
I

1 (e}

Actual pMIC
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Figure 2. Residual plot of model 1
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SHSOH is a descriptor of hydrogen-bond donor
capabilities of molecules (20). The high contribution
of the descriptor to model 1 may be as a result of
the strong influence of the acidity of the functional
groups of the Schiff bases. Thus, attaching
functional groups (such as hydroxyl group) with
hydrogen-bond donor capabilities may enhance the
S typhi inhibitory activities of the Schiff bases.

Design of Potent Anti-S. typhi Schiff bases

Based on the information from the optimum QSAR
model (Model 1), molecules a, b, ¢ and d (Table
2) were designed insilico as potential inhibitor of
the growth of S. typhi strain. The molecules exhibit
significant inhibitory activity against the pathogenic
organism. The pMIC of the newly designed
molecules presented in the Table indicates that
compounds b and ¢ exhibit high activity even more
than the compound with the highest inhibitory
activity against S typhi (C4) in the data set.

Table 2. Optimized structures of the newly designed anti-S.typhi Schiff bases.

S/n Molecule

Optimized Structure  Pred. pMIC

HO

(E)-4-(((3-hydroxy-5-
methyl phenyl)imino)methyl)-6-
methylbenzene-1,3-diol

1.64
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HO

(E)-4-(((3-hydroxy-4-
methylphenyl)imino)methyl)-6-
methoxybenzene-1,3-diol

(E)-4-(((3-€thyl-5-
hydroxyphenyl)imino)methyl)-6-
methoxybenzene-1,3-diol

Conclusion

The generated QSAR models, performed to explore
the structural requirements controlling the observed
Salmonella typhi inhibitory properties of some
selected Schiff bases, hinted that the MIC of the
molecules was predominantly influenced by an
electro-topological descriptor (SHsOH), a descriptor
of hydrogen bond donor capability of the molecules.
The robustness and applicability of QSAR equation
has been established by internal and externa validation

Conflicts of interest: None declared.
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