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The regression QSAR models were built to predict the antimicrobial activity of new thiazole derivatives. 
Compounds with high predicting activity were synthesized and evaluated against Gram-positive and Gram-
negative bacteria and fungi. 1,3-Thiazole-4-ylphosphonium salts 4 and 5 displayed good antibacterial 
properties and high antifungal activity. The predictions are in a good agreement with the experiment results, 
which indicate the good predictive power of the created QSAR models.
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C urrently, thousands of compounds with 
antimicrobial and biocidal activity are 
known but only some of them can be used 

to produce medicines, antiseptics and disinfectants. 
The need for new antimicrobials is caused by vari-
ous factors: the expansion of modern antimicrobial 
spectrum, increasing numbers of drug-resistant mi-
crobes, improvement of pharmacological properties, 
toxicity reduction and others. 

Thiazoles and their derivatives possess a wide 
range of biological activity. As a platform for drug 
development they can be successfully used for the 
treatment of allergies [1, 2], hypertension [3], in-
flammation [4, 5], schizophrenia [6], hypnotics [7], 
analgesia [8-10], HIV infections [11-13] and cancer 
[14-19]. 

Furthermore, thiazole derivatives are of con-
siderable interest for the treatment of bacterial and 
fungal infections. Some of them showed good an-
tibacterial activity against various Gram-positive 
(Staphylococcus aureus, Bacillus subtilis, etc.) and 
Gram-negative bacteria (Escherichia coli, Pseu-
domonas aeruginosa, etc.) [20-23], and fungi (Can-
dida albicans, Candida glabrata, Aspergillus fu-
migatus) [20-25]. It is known that the thiazoles are 
present in a number of drugs such as Sulfathiazol 
(antimicrobial drug), Ritonavir (antiretroviral drug), 
Abafungin (antifungal drug) with trade name Abasol 
cream and Bleomycine and Tiazofurin (antineoplas-
tic drugs) and others [26].

In the present paper, we propose the effective 
QSAR models to identify antimicrobial  activity 
of a series of thiazole derivatives and experimental 
studies of selected compounds for their antibacterial 
and antifungal activity.

Мaterials and Methods

Data set. The data set consisted of 3663 thia-
zole derivatives as antimicrobial inhibitors were 
formed using ChEMBL database [27]. The range of 
MIC (minimum inhibitory concentration) values was 
from 0.1 to 15 580 μg/ml.

This set was analyzed for similarity search to 
test compounds by the sample under the structural 
search of similar chemical structures (Index Sub-
Structure) [28] using the program Instant JChem 
[29]. As a result 455 сompounds with the index over 
0.6 were selected to build predictive QSAR models.

OCHEM. The QSAR study was performed 
using Online Chemical Modeling Environment 
(OCHEM) [30]. This web-based platform includes 
all the necessary steps required to build a computa-
tional model: data preparation, calculation and filte­
ring of molecular descriptors, application of machine 
learning methods and analysis of a models’ perfor-
mance [31].

Experimental data were formed according 
to certain criteria: a compound represented as a 
SMILES string, a property, unit of measurement, a 
target, a source of data (publication) saved in Excel 
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format and uploaded to OCHEM to create the study 
sample.

Machine Learning Methods. For this study, 
several machine-learning methods were used to 
build QSPR models:

An associative neural network (ASNN). This 
method is a combination of an ensemble of the feed-
forward neural networks and the k-nearest neighbor 
technique. The introduced network uses correlation 
between ensemble responses as a measure of dis-
tance amid the analyzed cases for the nearest neigh-
bor technique and provides an improved prediction 
by the bias correction of the neural network ensem-
ble [31, 32].

k-Nearest Neighbors (kNN). This method pre-
dicts the property using the average property value 
of those k compounds from the training set that are 
nearest (in the descriptor space) to the target com-
pound [30, 31].

Descriptors. Different kinds of molecular de-
scriptors, which are available on the server OCHEM, 
were used to build QSAR models [30]: Adriana. 
Code (3D) comprises a unique combination of 
methods for calculating molecular descriptors on 
a sound geometric and physicochemical basis [33]; 
Alogps descriptors (2D) predict logP and the water 
solubility of chemicals [34]; Chemaxon descriptors 
(also known as calculator plugins) describe a range 
of physico-chemical and life-science related prop-
erties from chemical structures and are developed 
by ChemAxon [31]; E-State indices (2D) are sepa-
rated on atom/bond type [35]; ToxAlerts (Structural 
Alerts) is an OCHEM-based platform for collecting 
and storing toxicological structural alerts from liter-
ature and for virtual screening of chemical libraries 
to flag potentially toxic chemicals and compounds 
that can cause adverse side effects [36].

Analysis of models. The OCHEM provides 
a variety of statistical instruments to analyze the 
quality and robustness of QSAR models. 

The accuracy of each individual model was 
evaluated using the method of 5-fold cross-valida-
tion set. The predictive ability of regression models 
was assessed by means of the cross-validation coef-
ficient q2; besides that, prediction performance of the 
methods was compared using the root mean squared 
error (RMSE) and the mean absolute error (MAE) 
[30, 31, 37, 38].

Applicability Domain. QSAR models should 
have a well-defined applicability domain (AD) 
within which reliable predictions can be made 

[39, 40]. According to the OCHEM prediction the 
test set compounds were outside the scope of the 
model. To assess the probability of predicted activi-
ties of the test compounds the Dice Index (DI) was 
used to defined their distance to the model, using the 
program Instant JChem [29] (Table 1).

According to the calculation, the compounds 
selected for biological testing were similar to the 
training set (DI similarity ≥ 0.6) and their activity 
prediction is realistic.

Chemistry – Synthetic procedures and spec-
troscopic data of compounds

[5-[(4-Chlorophenyl)thio]-2-(4-methylphe-
nyl)-1,3-thiazol-4-yl](triphenyl)phospho-nium io-
dide (compound 1). Compound 1 was synthesized 
following a procedure described in the literature 
[41]. Yellow powder, m.p. 233-234 °C. IR (KBr, νmax, 
cm‑1): 1105, 1380, 1433. 1H NMR (400 MHz, DM-
SO-d6): δ 2.35 (s, 3H, CH3), 7.28-7.47 (m, 6H, ArH), 
7.70-7.93 (m, 17H, ArH). ESI-MS, m/z: 578 [M-I]+. 
Found, %: C, 57.55%; H, 3.62%; N, 2.08%; P, 4.29%; 
S, 9.04%. Calc. for C34H26ClINPS2: C, 57.84%; H, 
3.71%; N, 1.98%; P, 4.39%; S, 9.08%. 

[4-(Methoxycarbonyl)-2-(4-methylphenyl)-
1,3-thiazol-5-yl](triphenyl)phosphonium perchlo-
rate (compound 2). Compound 2 was synthesized 
following the procedure described in the literature 
[42]. Colorless powder, m.p. 120-121 °C. IR (KBr, 
νmax, cm-1): 1096 (ClO4), 1252, 1439, 1716 (CO). 1H 
NMR (500 MHz, DMSO-d6): δ 2.39 (s, 3H, CH3), 
3.43 (s, 3H, OCH3), 7.39-7.95 (m, 19H, ArH). ESI-
MS, m/z: 494 [M-ClO4]

+. Found, %: C,60.69%; 
H,4.29%; N,2.30%; P,5.18%; S,5.43%. Calc. for 
C30H25ClNO6PS: C,60.66%; H, 4.24%; N, 2.36%; P, 
5.21%; S, 5.40%.

(2-(4-Methylphenyl)-4-{[(4-methylphenyl)
amino]carbonyl}-1,3-thiazol-5-yl)(triphenyl)phos-
phonium perchlorate (compound 3). Compound 3 
was synthesized following a procedure described in 
the literature [43]. Colorless powder, m.p.>250 °C. 
IR (KBr, νmax, cm-1): 1097 (ClO4), 1438, 1534, 1666 
(CO), 3314 (NH). 1H NMR (500 MHz, DMSO-
d6): δ 2.22 (s, 3H, CH3), 2.41 (s, 3H, CH3), 7.07 (d, 

T a b l e  1. The Dice Index between molecules in the 
test set and training set

Number
of compound

1 2 3 4 5

The Dice Index 0.62 0.73 0.70 0.58 0.58
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Fig. 1. Chemical structure of compounds 1-5

JHH = 7.8 Hz, 2H, ArH), 7.27 (d, JHH = 7.8 Hz, 2H, 
ArH), 7.41 (d, JHH = 7.8 Hz, 2H, ArH), 7.75-7.87 (m, 
15H, ArH), 8.14 (d, JHH = 7.8 Hz, 2H, ArH), 10.71 (s, 
1H, NH). ESI-MS, m/z: 569 [M-ClO4]

+. Found, %: 
C, 64.53%; H, 4.42%; N, 4.48 %; P, 4.59%; S, 4.75%. 
Calc. for C30H25ClNO6PS: C, 64.62%; H, 4.52%; N, 
4.19%; P, 4.63%; S, 4.79%.

[5-(Allylthio)-2-(4-methylphenyl)-1,3-thiazol-
4-yl](triphenyl)phosphonium iodide (compound 4). 
Compound 4 was synthesized following a procedure 
described in the literature [41]. Yellow powder, m.p. 
165-167 °C. IR (KBr, νmax, cm-1): 1105, 1384, 1435. 
1H NMR (400 MHz, DMSO-d6): δ 2.36 (s, 3H, CH3), 
3.65 (d, JHH = 6.8 Hz, 2H, CH2), 5.20-5.31 (m, 2H, 
CH2), 5.65-5.72 (m, 1H, CH), 7.35 (d, JHH = 8.0 Hz, 
2H, ArH), 7.74 (d, JHH = 8.0 Hz, 2H, ArH), 7.84-7.97 
(m, 15H, ArH). ESI-MS, m/z: 508 [M-I]+. Found, %: 
C, 58.62%; H, 4.33%; N, 2.19%; P, 4.81%; S,10.12%. 
Calc. for C31H27INPS2: C,58.58 %; H, 4.28%; N, 
2.20%; P, 4.87%; S, 10.09%.

[5-(Ethylthio)-2-(4-methylphenyl)-1,3-thia
zol-4-yl](triphenyl)phosphonium iodide (com-
pound 5). Compound 5 was synthesized following 
a procedure described in the literature [41]. Yellow 
powder, m.p. 189-190 °C. IR (KBr, νmax, cm-1): 1103, 
1376, 1435. 1H NMR (400 MHz, DMSO-d6): δ 1.15 
(t, JHH = 6.8 Hz, 3H, CH3), 2.36 (s, 3H, CH3), 3.03 (q, 
JHH = 6.8 Hz, 2H, CH2), 7.36 (d, JHH = 8.0 Hz, 2H, 
ArH), 7.75 (d, JHH = 8.0 Hz, 2H, ArH), 7.82-7.97 (m, 
15H, ArH). ESI-MS, m/z: 496 [M-I]+. Found, %: C, 

57.71%; H, 4.21%; N, 2.32 %; P, 4.85%; S, 10.30%. 
Calc. for C30H27INPS2: C, 57.79 %; H, 4.36%; N, 
2.25%; P, 4.97%; S, 10.28%.

Antimicrobial assay. All the compounds were 
screened for their antibacterial activities against 
Staphylococcus aureus ATCC 25923, Escherichia 
coli АТСС 25922, Pseudomonas aeruginosa АТСС 
27853, Bacillus subtilis ATCC 6633 and fungistatic 
effects on Candida albicans ATCC 10231, Candida 
albicans strain isolated from biomaterial, Candida 
glabrata, Candida krusei.

Antibacterial and antifungal screening was per-
formed by disc diffusion method in Mueller-Hinton 
agar and Sabouraud agar [44], respectively. The mi-
crobial load was 1·105 colony-forming units (CFU) in 
1 ml. The tested compounds (0.02 ml) were applied 
to paper disks (6 mm) which were placed on each 
agar plate. The plates were then incubated at 37 °C 
for 24 h. The tests were repeated three times.

Ceftriaxone (5.5·10-8 M) and f luconazole 
(13·10‑8 M) were used as positive reference standards 
to determine the sensitivity of the strains [45].

Results and Discussion

The QSAR study was performed using Online 
Chemical Modelling Environment (OCHEM) [30].

Four predictive regression models were built 
based on the training data set of 455 thiazole de-
rivatives as antimicrobial inhibitors. The methods 
and types of descriptors by each predictive model 
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are presented in Table 2. Summary statistics for all 
models are shown in Table 3.

The accuracy of prediction was q2 = 0.68-0.77, 
the root mean square error RMSE = 0.42-0.5, and the 
mean absolute error MAE = 0.3-0.37.

The consensus model was also used for predic-
tion and interpretation (Table 3). Based on the results 
obtained for all predictive models the consensus pre-
diction always provides the most stable decision. The 
consensus model between experimentally obtained 
data and the predicted one is shown in Fig. 2.

The model is stable and has a good forecas
ting ability, which can be verified using statistical 
parameters (high value cross-validation of param-
eters q2 and low MAE) [46].

The test set of 202 thiazole derivatives was 
analyzed using the developed QSAR models. As a 
result of prediction of antimicrobial activity the most 
potent compounds 1-5 were selected (Table 4). The 
samples are quaternary phosphonium salts (Fig. 1). 
Corresponding to the literature data, phosphonium 
salts are a very promising class of pharmacologically 
active organophosphorus compounds [47-50].

According to the provided values (Table 4), 
compounds 4 and 5 were predicted as the most ac-
tive. The value of log(1/MIC) amounted to 4.49 ± 0.3 
and 4.51 ± 0.23, respectively.

The consensus prediction is very close to the 
mean values of prediction activity for models 1-4. 
Thus, the obtained results indicate that the applica-
tion of consensus model provides higher prediction 
ability in compressing to the individual models.

In order to verify the results of the prediction, 
the selected compounds were screened in vitro for 
their antimicrobial activities against Gram-positive 
and Gram-negative bacteria and fungi.

The results of antimicrobial susceptibility were 
summarised and presented in Table 5 and 6.

T a b l e  2. Molecular descriptors of QSAR models

Model Method Types of descriptors

1 kNN Adriana.Code
2 kNN StructuralAlerts, Chemaxon 

Descriptors, E-State 
indices, ALogPS

3 kNN Chemaxon Descriptors, 
E-State, ALogPS

4 ASNN Chemaxon Descriptors, 
E-State, ALogPS

T a b l e  3. Statistical parameters for the predictive 
models

Name Number
of descriptors q2 RMSE MAE

Model 1 132 0.73 0.46 0.33
Model 2 285 0.73 0.46 0.33
Model 3 157 0.68 0.50 0.37
Model 4 157 0.77 0.42 0.30

Consensus Model 0.81 0.39 0.29

In general, most of the test compounds revealed 
better activity against Gram-positive than Gram-
negative bacteria. Compounds 4 and 5 showed the 
highest antibacterial activity, while compounds 1, 
2 and 3 showed moderate activity against all tested 
bacteria. S. aureus was the most sensitive bacterial 
species and P. aeruginosa was the most resistant 
species

The best antifungal activity was observed for 
compounds 4 and 5. It is worth noting that these 
compounds showed an excellent antifungal potential 
better than fluconazole. Considering all tested fungi, 
for compounds 4 and 5, C. glabrata and C. albicans 
(strains isolated from biomaterial) were the most 
sensitive, followed by C. krusei, while C. albicans 
ATCC 10231 was the most resistant to the tested 
compounds.

The structure-activity relationship analysis in-
dicated that 1,3-thiazoles containing triphenylphos-
phonium group at position 4 (compounds 1, 4 and 
5) are more active antimicrobial substances in 
comparison with 1,3-thiazoles which contain this 
group at position 5. In addition, antibacterial and 
antifungal effects of the tested compounds is in-
creased by the introduction of sulfur substituent 
at the 5-position of the thiazole cycle and changes 
in the series: 4-ClC6H4S<CH2=CHCH2S<EtS. It 
should be noted that the presence of methoxycar-
bonyl or (4-methylphenyl)-aminocarbonyl groups 
(compounds 2 and 3) in 1,3-thiazol-5-yl(triphenyl)
phosphonium salts significantly led to a decrease in 
activity of these compounds.

In conclusion, a series of new predictive QSAR 
models were created using data set of 455 thiazole 
derivatives. The high predictive quality with q2 

ranged from 0.68 to 0.77 obtained suggests a good 
predictive ability of the developed QSAR models. 
Five structures of 1,3-thiazolylphosphonium salts 
with higher predicted antimicrobial activity were 
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Fig. 2. Plot of experimental values versus predicted values of the consensus QSAR model
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T a b l e  4. Predicted activity of compounds 1-5

Compound Model 1 Model 2 Model 3 Model 4 Mean value
of log(1/MIC)

Consensus 
Model

1 4.08 4.59 4.08 4.78 4.38 ± 0.31 4.40
2 4.75 3.58 3.97 4.07 4.09 ± 0.42 4.10
3 4.32 4.18 4.14 4.55 4.30 ± 0.16 4.30
4 4.75 4.71 4.50 4.00 4.49 ± 0.30 4.50
5 4.75 4.71 4.31 4.25 4.51 ± 0.23 4.50

T a b l e  5. Antibacterial activity of compounds 1-5

Compound

Diameter of the inhibitory zone, mm
Gram-positive Gram-negative

Staphylococcus 
aureus ATCC 25923

Bacillus subtilis 
ATCC 6633

Escherichia coli 
АТСС 25922

Pseudomonas 
aeruginosa 

АТСС 27853
1 13.6 ± 0.3 11.3 ± 0.6 10.3 ± 0,3 na
2 na 11.0 ± 0.6 10.4 ± 0.3 na
3 20.0 ± 0.6 11.6 ± 0.6 13.8 ± 0.6 na
4 24.3 ± 0.3 22.6 ± 0.3 17.3 ± 0.3 12.5 ± 0.3
5 25.3 ± 0.3 23.3 ± 0.3 16.0 ± 0.6 15.6 ± 0.3

Ceftriaxone 28.3 ± 0.9 34.4 ± 0.3 28.3 ± 0.6 20.1 ± 0.3
Note. na – no activity. The content of the test compounds 1-5 and ceftriaxone on a disk were 5.5·10-8 M.

M. M. Trush,V. V. Kovalishyn, V. M. Blagodatnyi et al.
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Compound
Diameter of the inhibitory zone, mm

Candida albicans 
ATCC 10231

Candida albicans strain 
isolated from biomaterial Candida glabrata Candida krusei

1 13.4 ± 0.3 20.3 ± 0.3 19.1 ± 0.3 13.9 ± 0.3
2 na 16.6 ± 0.3 na 10.2 ± 0.3
3 16.3 ± 0.3 23.3 ± 0.3 11.0 ± 0.3 na
4 18.9 ± 0.3 32.0 ± 0.6 35.3 ± 0.3 24.8 ± 0.3
5 18.2 ± 0.3 32.3 ± 0.3 37.4 ± 0.6 30.5 ± 0.6

Fluconazole 17.3 ± 0.3 19.6 ± 0.3 na 13.0 ± 0.6
Note. na – no activity. The content of the test compounds 1-5 and fluconazole on a disk were 13·10-8 M.

T a b l e  6. Antifungal activity of compounds 1-5

synthesized and tested in vitro. The results showed 
that all the compounds exhibited good antimicrobial 
activities. Given the importance of the standard de-
viation in case of the predicted activities for com-
pounds 1 and 3 the experimental results are in a 
good agreement with data obtained using regression 
QSAR models.

Thus, the developed QSAR models can be an 
efficient tool for the selection of new antimicrobial 
active thiazole derivatives as well as for the desig
ning and forecasting of new potentially active com-
pounds with suitable biological properties. Moreo-
ver, novel 1,3-thiazol-4-ylphosphonium salts 4 and 
5 could be considered as a promising candidate with 
antimicrobial activity for further investigation. 

QSAR дослідження та 
антимікробний потенціал 
1,3-тіазолілфосфонієвих солей

M. M. Труш1*, В. В. Ковалішин1, 
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Д. M. Година1, Л. O. Метелиця1

1Інститут біоорганічної хімії 
та нафтохімії НАН України, Київ;
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Побудовано регресійні QSAR-моделі для 
прогнозу антимікробної активності нових 
похідних тіазолу. Сполуки з високою прогнозо-
ваною активністю були синтезовані та тестовані 
проти грибів та грампозитивних і грамнегатив-
них бактерій. 1,3-тіазол-4-ілфосфонієві солі 4 та 
5 виявили значну антибактеріальну та високу 

протигрибкову активність. Результати прогнозу 
корелюють з результатами експериментальних 
досліджень, що свідчить про високу прогнозую-
чу здатність створених QSAR моделей.

К л ю ч о в і  с л о в а: QSAR, тіазоліл­
фосфонієві солі, антимікробна активність.

QSAR исследования и 
антимикробный потенциал 
1,3-тиазолилфосфониевых 
солей
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Д. Н. Година1, Л. А. Метелица1
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и нефтехимии НАН Украины, Киев;

2Национальная медицинская академия 
последипломного образования имени 

П. Л. Шупика, Киев, Украина;
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В данной работе представлены регрессион-
ные QSAR-модели для прогноза антимикробной 
активности новых производных тиазола. Соеди-
нения с высшей прогнозируемой способностью 
были синтезированы и тестированы против гри-
бов, грамположительных и грамотрицательных 
бактерий. 1,3-тиазол-4-илфосфониевые соли 4 
и 5 показали значительные антибактериальные 
свойства и высокую противогрибковую актив-
ность. Результаты прогноза коррелируют с ре-
зультатами экспериментальных исследований, 
что свидетельствует о хорошей прогнозирую-
щей способности созданных QSAR моделей.
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К л ю ч е в ы е  с л о в а: QSAR, тиазолил-
фосфониевые соли, антибактериальная актив-
ность.
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