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Abbreviations: PDB, protein data bank; BBB, blood brain 
barrier; NO2, nitrogen dioxide; COOH, carboxylic acid

Introduction
One of the important drugs used for the treatment of infections 

caused by bacteria and protozoa is deoxycycline. It is indicated for 
lung infection of bacterial origin, chlamydia, syphilis and cholera. 
It has also been used in combination with quinine for prevention of 
malaria.1 Doxycycline is a broad spectrum antibiotic belonging to the 
class of tetracycline which its anti microbial activity is by inhibition 
of protein biosynthesis.1,2 It became an important medication needed 
in basic health care delivery in man and animals.3

Moraxella catarrhalis, Chlamydia pneumoniae, Mycoplasma 
pneumonia and Brucella melitensis are generally susceptible to 
doxycycline, while some Mycoplasma hominis, Pseudomonas 
aeruginosa and Haemophilus spp have developed resistance to varying 
degrees.4 Doxycycline is used in the treatment of respiratory tract 
infection,5 lyme disease,6-10 psittacosis, relapsing fever, chancroid, 
cholera, campylobacter fetus infections, brucellosis, bubonic plague, 
Rocky mountain spotted fever and ehrlichiosis while being used for 
prophylaxis and treatment of leptospirosis11 and Anthrax.12,13 Some 
Gram-positive bacteria have developed resistance to Doxycycline 
except Streptococcus pneumonia, Staphylococcus aureus and Bacillus 
anthracis while some infections caused by Gram-negative bacteria 
can be treated by Doxycycline such as Shigella species infections, 
Enterobacter aerogenes infections, Escherichia coli, Actinobacter 
species infections, Haemophilus influenza infections and Klebsiella 

species infections.14,15 Doxycycline has been successfully used to 
treat respiratory tract infection, ophthalmic and sexually transmitted 
diseases. Adverse effects have been seen to include erythematous rash 
in sun exposed parts of the body which resolves on the discontinuation 
of the drug.16

Interaction of doxycycline with food and drugs containing antacids, 
dairy products, iron, magnesium and calcium supplements reduces 
doxycycline absorption and effectiveness17 probably due to chelation 
and an increased gastric pH making it advisable for doxycycline to 
be taken on an empty stomach.18 Doxycycline is contraindicated 
during pregnancy, breastfeeding, infancy and childhood stages in 
humans because it crosses into breastmilk and disrupts bone and tooth 
development in these stages up to the age of eight years19,20 except in 
the treatment of anthrax where other medications are not effective.14 
The mechanism of action of the antibacterial effect of tetracyclines 
relies on disrupting protein translation in bacteria, thereby damaging 
the ability of microbes to grow and repair; however protein translation 
is also disrupted in eukaryotic mitochondria impairing metabolism 
and leading to effects that can confound experimental results.21,22

Drugs are observing resistance to microbes due to long use. We are 
docking the doxycycline with monosubstitutued compounds to check 
if they will have better activity and probably show no resistance to 
microbes. The aim for this research is to determine the substituents 
that will improve the activity of doxycycline as an antibacterial and 
anti-protozoa drug and recommend these monosubstituted derivatives 
for synthesis and pre-clinical trials. Doxycycline structural formula is 
shown in Figure 1.
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Abstract

Doxycycline(4,5,5,6,12)-4-(dimethylamino)-3,5,10,12,12-pentahydroxy-6-methyl-1,11-
dioxo-1,4,4a,5,5a,6,11,12a-octahydrotetracene- 2-carboxamide) is a drug used for the 
treatment of infections caused by bacteria and protozoa. We carried out molecular docking 
for six analogous structurally diverse (doxycycline) against Pseudomonas aeruginosa 
lipase using Patchdock and Firedock softwares server. Extensive structure activity 
relationship work was carried out with these molecules. Physicochemical, lipophilicity, 
solubility, pharmacokinetics and Lipinski druglikeness of doxycycline and its analogues 
were evaluated. These molecules were designed by substituting NH2 with NO2, CONH2, 
COOH, CHO and OCH3 functional groups. The scoring function (empirical binding 
free energy) was used to estimate the inhibitory activity of protein-ligand complex. The 
binding energy of doxycycline was -39.25kcal/mol. The free binding energies of NO2, 
CHO, CONH2, COOH, and OCH3 analogues of doxycycline were -43.43, -43.86, -44.97, 
-39.40 and -35.78Kcal/mol respectively. All the monosubstituted analogues of doxycycline, 
except COOH monosubstituted analogue showed lower values than the non substituted 
doxycycline. These lower values (more negative values), means that they show better 
antimicrobial activity than doxycycline. These results clearly indicated that the new 
substituents may be better antimicrobial agents. Synthesis and pre-clinical studies of these 
monosubstituted derivatives with Pseudomonas aeruginosa lipase is recommended in 
order to confirm their new potentials as better antimicrobial agent than the unsubstituted 
analogue.
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Materials and methods
Protein preparation 

The crystal structure of Pseudomonas aeruginosa lipase, was 
obtained from the Protein Data Bank, PDB 1ex9 (Figure 2). The 
protein structure was subjected to a refinement protocol using Molegro 
molecular viewer.23

Designing of structural analogues of doxycycline 

The structure of doxycycline (Figure 1a) was drawn with ACD/
ChemSketch software.24 The structural analogues of doxycycline were 
developed with structural modifications with different substituents. 
The NH2 group of doxycycline was replaced with CHO, NO2, CONH2, 
COOH, and OCH3 analogues. The structures were built with ACD/
ChemSketch software and minimized with Arguslab software.25

Figure 1 Doxycycline structural formula.

Figure 2 Crystal structure of Pseudomonas aeruginosa lipase PDB 1ex9.

Molecular docking 

Molecular docking was performed using Patchdock software 
server.26 Patchdock is a molecular docking algorithm based on 
shape complementarity principles. Refinement was done with 
Firedock server27,28 and processed with Molegro molecular viewer. 
Physicochemical, lipophilicity, solubility, pharmacokinetics and 
Lipinski druglikeness of doxycycline and its analogues were 
determined using SwissADME Server.29

Results and discussion
The Physicochemical, lipophilicity, solubility, pharmacokinetics 

and Lipinski druglikeness of doxycycline and its analogues are shown 
in Table 1. Crystal structure of Pseudomonas aeruginosa lipase, is 
shown in Figure 2, while the docked Doxycycline analogues with 
Pseudomonas aeruginosa lipase, are presented in Figures 3- 8. The 
bonding interactions are depicted in Figures 9 -14.

Pseudomonas aeruginosa lipase contains 285 amino acid 
residues and 112 water molecules. The docking structures of all the 
compounds showed that they bind in a very similar pattern with the 
active site of Pseudomonas aeruginosa lipase , as is evident from the 

superposition of all the 6 analogues in Figures 3-8. The interaction 
between different substituted analogues with Pseudomonas 
aeruginosa lipase shows steric interactions with amino acids residues. 
The calculated free energy of binding of the 6 doxycycline analogues 
were -39.25, -43.43, -43.86, -44.97, 39.40 and -35.78Kcal/mol (Table 
1). This confirms that the structural modification implemented in 
this study is significantly related to their activity. Also, this proved 
the reasonability and reliability of the docking results. It can be seen 
that substitution of NH2 functional group of doxycycline with CHO, 
NO2, CONH2 and COOH analogues lead to an increase in the binding 
affinity of modified analogues which is even more intense than that of 
doxycycline. The binding energy of doxycycline was -39.25kcal/mol.

Figure 3 NO2 analogue of doxycycline in complex with Pseudomonas 
aeruginosa lipase.

Figure 4 CHO analogue of doxycycline in complex with Pseudomonas 
aeruginosa lipase.

Figure 5 CONH2 analogue of doxycycline in complex with Pseudomonas 
aeruginosa lipase.

Figure 6 COOH analogue of doxycycline in complex with Pseudomonas 
aeruginosa lipase.
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Figure 7 OCH3 analogue of doxycycline in complex with Pseudomonas 
aeruginosa lipase.

Figure 8 Doxycycline in complex with Pseudomonas aeruginosa lipase.

Figure 9 Steric interaction of NO2 doxycycline analogue with amino acids 
residue of Pseudomonas aeruginosa lipase.

Figure 10 Steric interaction of CHO doxycycline analogue with amino acids 
residue of Pseudomonas aeruginosa lipase.

Figure 11 Steric interaction of CONH2 doxycycline analogue with amino 
acids residue of Pseudomonas aeruginosa lipase.

Solubility of compounds in water could improve its 
biotransformation and elimination as a drug. All the substituted 

analogues were soluble in water (Table 1). All the substituted 
derivatives were less than 500 Daltons in mass showing that they can 
be considered as drug. High lipophilicity which is expressed as Log 
Po/w less than 5 is considered to have drug likeness. All the substituted 
compounds had 0.28-0.76 (less than 5) and were most likely to be 
drugs. In the violation of Lipinski rule, a violation of only one of the 
5 rules is acceptable for a drug. All the substituted analogues showed 
favorable Lipinski rule except the aldehyde [CHO] substituted 
analogue that violated two rules; less than 5 hydrogen bond donor; 
less than 10 hydrogen bond acceptors. Therefore the CHO analogues 
is not likely to be a drug though it is very soluble in water. Lipinski 
rule of 530 helps in distinguishing between drug like and non-drug like 
molecules. It predicts high probability of success or failure due to drug 
likeness for molecules complying with 2 or more of the following rules: 
Molecular mass less than 500Dalton; High lipophilicity (expressed as 
Log Po/w less than 5); Less than 5 hydrogen bond donors; Less than 
10 hydrogen bond acceptors; Molar refractivity should be between 
40-130. These filters help in early preclinical development and could 
help avoid costly late-stage preclinical and clinical failures.

Figure 12 Steric interaction of COOH doxycycline analogue with amino 
acids residue of Pseudomonas aeruginosa lipase.

Figure 13 Steric interaction of OCH3 doxycycline analogue with amino acids 
residue of Pseudomonas aeruginosa lipase.

Figure 14 Steric interaction of doxycycline with amino acids residue of 
Pseudomonas aeruginosa lipase. 

Pharmacokinetically, the gastrointestinal drug absorption of all the 
substituents was low and they could not cross the blood brain barrier 
(BBB) showing that they cannot cause problem to the brain. For 
synthetic accessibility, values of 5 to10 means that the drug could be 
synthesized. All the substituted analogues could be synthesized in the 
laboratory because they range between 5.10 and 5.21.
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Figure 15 keto–enol tautomerism.

These results clearly indicated that before synthesis and 
biochemical testing of new analogues one can use molecular docking 
based methods for qualitative assessment of relative binding affinities 
for speeding up drug discovery process by eliminating less potent 

compounds from synthesis. Synthetic studies followed by pre- clinical 
studies are further recommended.

Conclusion
We carried out molecular docking for six analogous structurally 

diverse doxycycline with Pseudomonas aeruginosa lipase using 
Patchdock and Firedock softwares servers. The binding energy of 
doxycycline was -39.25kcal/mol. The NO2, CONH2 and COOH 
structural analogues were found to be lower (more negative) 
compared to doxycycline. These lower values, means that they have 
better functional activity. These results indicated that the new drugs 
have very good binding affinity towards Pseudomonas aeruginosa 
lipase like doxycycline. Synthesis and pre-clinical studies of these 
monosubstituted derivatives with Pseudomonas aeruginosa lipase is 
recommended.

Table 1 Physicochemical, lipophilicity, solubility, pharmacokinetics and Lipinski druglikeness of doxycycline and its analogues

Parameters Doxycycline NO2 Analogue of 
Doxycycline

CHO Analogue 
of Doxycycline

CONH2 Analogue 
of Doxycycline

COOH Analogue 
of Doxycycline

OCH3 Analogue of 
Doxycycline

Docking score Kcal/mol -39.25 -43.43 -43.86 -44.97 -39.4 -35.78
Num. H-bond acceptors 9 11 10 10 11 10
Num. H-bond donors 6 5 5 6 6 5
Molar Refractivity 110.91 116.3 113.21 115.91 114.78 114.09
Lipophilicity Consensus 
Log Po/w

-0.15 -0.12 -0.05 -0.76 -0.57 0.28

Water Solubility Class Soluble Soluble Soluble Soluble Very soluble Soluble
GI absorption Low Low Low Low Low Low
BBB permeant No No No No No No
P-gp substrate Yes Yes Yes Yes No Yes
CYP1A2 inhibitor No No No No No No
CYP2C19 inhibitor No No No No No No
CYP2C9 inhibitor No Yes No No No No
CYP2D6 inhibitor No No No No No No
CYP3A4 inhibitor No No No No No No

Lipinski Druglikeness Yes; 1 violation: 
H-don>5

Yes; 1 violation: 
H-acc>10

Yes; 0 violation Yes; 1 violation: 
H-don>5

No; 2 violations: 
H-acc>10, H-don>5

Yes; 0 violation

Synthetic accessibility 5.15 5.28 5.1 5.2 5.15 5.21
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