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Abstract: Thermolysin is a bacterial proteolytic enzyme, considered by many authors as a
pharmacological and biological model of other mammalian enzymes, with similar structural
characteristics, such as Angiotensin Converting Enzyme and Neutral Endopeptidase. Inhibitors of
these enzymes are considered therapeutic targets for common diseases, such as hypertension and heart
failure. In this report, a mathematical model of Multiple Linear Regression, for ordinary least squares,
and genetic algorithm, for selection of variables, are developed and implemented in QSARINS
software, with appropriate parameters for its fitting. The model is extensively validated according to
OECD standards, so that its robustness, stability, low correlation of descriptors and good predictive
power are proven. In addition, it is found that the model fit is not the product of a random correlation.
Two possible outliers are identified in the model application domain but, in a molecular docking study,
they show good activity, so we decide to keep both in our database. The obtained model can be used
for the virtual screening of compounds, in order to identify new active molecules.
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Graphical Abstract:

Introduction:
The zinc-metalloproteinases secreted by the
gram-positive thermophilic bacterium Bacillus
thermoproteolyticus is the prototype of the TLN
family and has served as a model system to study
the
inhibition
mechanism
of
other
metalloproteinases. Crystallographic data for
TLN and various TLN-inhibitor complexes have
been used in efforts to model the active site of
other TLN-like enzyme [1,2]. These enzymes
play a key role in the biosynthesis and
metabolism of different bioactive peptides, so
that its inhibitors have considerable potential as
therapeutic agents [3]. In addition, Thermolysin
presents close structural and functional
similarities with several mammalian enzymes
that are involved in the control of different
physiological functions, like neprilysin (NEP)
and angiotensin-converting enzyme (ACE), both
involved in the control of blood pressure
The dual inhibition of neprilysin and the
angiotensin receptor may represent an attractive
therapeutic approach for a wide range of
cardiovascular diseases, including hypertension,
diabetes and heart or kidney failure, in which
vasoconstriction,
volume
overload
and
neurohormonal activation play a role in the
pathophysiology [4]. The structural and
functional similarities between TLN, NEP and
ACE indicate that Thermolysin inhibitors may
also inhibit ACE and NEP and be putative
antihypertensives [5]. Dual NEP/ACE inhibitors
repress simultaneously two key enzymes that
participate in cardiovascular function regulation
[6]. This type of inhibitors exerted typical actions
of ACE inhibitors and/or NEP inhibitors, such as
dose-dependent inhibition of angiotensin I–

induced hypertension, protection of atrial
natriuretic factor, and enhancement of diuresis,
natriuresis, and cGMP urinary excretion [7].
The QSAR studies are useful tools for screening
chemicals, especially in early stages of the drug
discovery process [8,9]. If these are properly
developed and rigorously validated [10,11], they
become outstanding tools to evaluate only those
that are most promising [12,13].
Materials and Methods:
The database was collected from reports of the
international literature (can be seen in the full
paper [14]). The database of 176 experimental
compounds was split into training (133
compounds) and prediction (43 compounds). For
the calculation of molecular descriptors (all the
families of descriptors 0-3D), we used DRAGON
Software [15]. In order to obtain the MLR
model, we used the QSARINS (QSAR-Insubria)
software [10].The model was validated in
accordance with the principles established by the
OECD [11].
Results and Discussion:
The best MLR model obtained with its statistical
parameters is shown below:
pKi = -23.62 + 0.52xMor07u-20.77xMor12v
-3.12xR5v+ + 2.87xR5p+ + 23.58x B01[N–O]
N= 133
R2= 0.714
R2adj= 0.702
s= 1.230
F= 63.248
R2-R2adj= 0.011
LOF = 1.688
Kxx= 0.231
ΔK= 0.100
RMSEtr= 1.202
MAEtr= 0.975
RSStr= 192.024
CCCtr= 0.833
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The model presented an R2 of 0.714, so it
manifests a proper fit for modeling Thermolysin
inhibition. In addition, an R2adj of 0.702, which is
indicative of the convenience to add a new
descriptor to the model and, together with the
low value of the LOF parameter of 1.688, we can
say that no existing overfitting is in the model, as
it presents a good fit with minimum number of
descriptors. The correlation among the model´s
descriptors is low because the value of Kxx is
small (0.231); this allows us to assume that the
model has very little redundant information in
the selected descriptors.
In order to validate our model, we followed the
OECD regulatory principles to ensure their
validity, checking the model performance, i.e.,
the fitting, stability in the cross-validation and
the ability to predict new compounds [11]. The
fitting and stability of the model were evaluated
using internal validation procedures; first, we
take into account the parameters of the crossvalidation Leave-One-Out (LOO).
According to the obtained results, it is possible to
affirm that the internal predictions are good since
the variance explained in the prediction by LOO
(Q2LOO= 0.6868) has a comparable value with
R2= 0.7135 (see Fig. 1) with a small error in the
predictions (RMSEcv= 1.2563 and MAEcv=
1.0190).
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study the behavior of our model. According to
this, the model is considered stable because the
R2= 0.7135 and Q2LMO= 0.6810 values are
comparable, and calculation in each iteration of
LMO and their averages are comparable to the
values of R2 and Q2LOO of the model.
We demonstrates that the model was not the
result of a casual correlation, using the Yscrambling procedure, placing the answers at
random, so that there was no correlation with
descriptors and, as a consequence, the model
performance decayed dramatically.
The predictive ability of the model was tested
using a series of external predictions (external
validation). Using this procedure, we checked the
ability of the model to predict new compounds
and their statistical parameters showed values
equivalent to the model R2ext = 0.723, RMSEext =
1.182, MAEext = 0.91, PRESSext = 60.091, CCCext
= 0.817.

Figure 2: Williams plot. Hat diagonal values versus
standardized residuals.

Figure 1: Scatter plot of experimental pKi versus predicted
by LOO.

A stronger technique included in the QSARINS
is Leaving-Many-Out (LMO), which was
developed leaving out the 30% of the dataset to

In this study, we used the approach of leverage
(h) and standardized residuals described in the
technical literature [16]. Fig. 2 shows the
William graph of the model, where yellow
circles represent the compounds of the training
and blue circles represent the prediction set. As
shown in this figure, most of the compounds are
within the applicability domain of the model.
There is only one compound (compound 34) with
leverage value greater than the critical leverage
(h*= 0.192), but showing residual within the
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limits, and one compound (compound 43),
having residual off- limits (3.62) though this is
within critical leverage. Both cases must be taken
into account as potential outlier compounds.
In this sense, we made experiments of molecular
docking of these ‘outlier’ compounds and a
group of compounds with similar structural
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characteristics, since the model provided threedimensional information of molecules, and it
would be interesting to observe their behavior in
the active site of Thermolysin. Based on these
results, we decided to keep both compounds in
the database.

Conclusions: In the present study, a QSAR-RLM model was developed using molecular descriptors of
Dragon software, which adequately predicted the inhibitory activity of the enzyme Thermolysin. This
model fulfilled all regulatory principles established by the OECD; the robustness of the model was
tested through exercised internal validation (LOO, LMO and Y-scrambling), and its predictability was
determined with an external prediction set (external validation). Two possible outliers were identified
in the model application domain but, in a molecular docking study, they showed good activity, so we
decided to keep both in our database.
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