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(5). Eventually, MDR bacteria will evolve to overcome current 
antibiotic treatments, so alternative ways to remedy MDR 
bacteria must be investigated.

A conventional way to kill pathogens is to block off 
crucial metabolic pathways of pathogens by targeting a key 
set of proteins (6). This method is simple, effective, and has 
been used extensively. One promising new way is to inhibit 
virulence factors of pathogens, including preventing the 
synthesis of endotoxins and exotoxins (7), blocking quorum 
sensing (8), and stopping biofilm for-mation (9). Our method 
in this study is to prevent the synthesis of an endotoxin, 
which is known as lipopolysaccharide (LPS), by inhibiting 
lipid A synthesis. The assembly of LPS starts with lipid A, 
then core polysaccharides, and finally the O-antigen. Lipid 
A is the membrane anchor domain of LPS, and it is vital to 
both protect gram-negative bacteria against external agents 
and is also essential for bacterial growth. Therefore, inhibiting 
the biopathway of lipid A should lead to the death of gram-
negative bacteria (10).

LpxC (EC: 3.5.1.108) is a hydrolase from the committed 
step in the lipid A biosynthesis pathway that hydrolyzes 
UDP-3-O-myristoyl-N-acetylglucosamine to UDP-3-O-
myristoylglucosamine. LpxC can function as a monomer that 
binds with either cofactors Zn2+ or Fe2+ (11). LpxC is highly 
conserved among gram-negative bacteria, and potentially 
can be lethal if inhibited. Previous research has targeted 
LpxC to design potential inhibitors, such as CHIR-090, 
BB78484 , LpxC-4 , and TU-514 (12-15) (Figure 1). However, 
no inhibitors are available commercially. LpxC remains a 
relatively unexplored target for developing inhibitors. Our 
study will attempt to find a potential lead compound for LpxC 
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SUMMARY
Multidrug-resistant (MDR) bacteria are a significant 
threat to communities worldwide. MDR Pseudomonas 
aeruginosa is, a pathogen resistant to most therapies, 
can cause serious conditions such as endocarditis 
and pneumonia. The development of an antibiotic is 
needed before current treatments fail. We targeted 
LpxC, a key protein for biosynthesizing lipid A of 
lipopolysaccharide, by in silico virtual screening of 
current approved therapies. In our first prediction, 
ZINC000001587011, also known as brequinar, had 
a low binding energy, high bioavailability, but an 
unfavorably high calculated octanol-water partition 
coefficient (cLogP), which signifies poor solubility in 
water. We performed functional group modification 
to decrease the high cLogP. Finally, after going 
through virtual screening of 20,000 candidates and 30 
derivatives of ZINC000001587011, we propose that N11 
might have the most potential against P. aeruginosa 
lipid A synthesis, making it a potential treatment for 
MDR P. aeruginosa.

INTRODUCTION
Multidrug-resistant (MDR) bacteria, bacterial strains 

resistant to drugs in three or more antimicrobial categories, 
pose a significant threat to communities worldwide with an 
estimated 2.8 million antibiotic-resistant infections occurring 
in the U.S. per year (1, 2). These infections are linked to 
increased morbidity and mortality, with around 35,000 
deaths resulting from antibiotic-resistant infections in the 
U.S each year (2). MDR bacteria such as methicillin-resistant 
Staphylococcus aureus (MRSA), Staphylococcus aureus, and 
Pseudomonas aeruginosa have become resistant over time to 
most available antibacterial agents, including tetracycline and 
chloramphenicol (3, 4). Even newly developed antibiotics like 
vancomycin became ineffective against these MDR bacteria 
due to the antibiotic-resistant genes being generated in these 
strains after the abuse of antibiotics (4). Antibiotics eliminate 
the non-antibiotic-resistant bacteria, making resistant strains 
dominant within the microbial communities. As antibiotic-
resistance genes form in bacteria, other antibiotics must be 
used as a treatment, and eventually, the bacteria will become 
resistant to the new antibiotic. The abuse of antibiotics, where 
antibiotics are over-prescribed, accelerates this process, and 
the bacteria will become more and more resistant to antibiotics 
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Figure 1: Structure of LpxC inhibitors from previous research. 
Structures were obtained from PubChem and redrawn in ChemDraw.
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inhibition in P. aeruginosa by using in silico docking. 
Reverse pharmacology is a method contrary to 

classical pharmacology of drug development for finding 
lead compounds (16). Reverse pharmacology utilizes 
computational techniques to find potential drug candidates. 
A specific protein target is first selected based on the 
significance of the pathogenic mechanism, then a computer 
attempts to dock multiple molecules at a binding site on the 
protein. The candidates with the lowest binding energies 
have potential, as the molecule and enzyme are more likely to 
bind. For the process to be thermodynamically favorable, the 
binding energy must be negative.

Here, we performed an in silico virtual screening on LpxC 
in P. aeruginosa to find a new drug against this MDR bacteria. 
We then made several functional group modifications to the 
lead compound, and the modified molecules were re-docked. 
We hypothesized that using computational techniques of 
molecular docking, we could find a potential lead compound 
that can prevent the bio-synthesis of LPS leading to the 
death of the pathogen. In this study, we found a promising 
lead compound that can inhibit LpxC in P. aeruginosa and 
modified it to increase its bioavailability, which can be further 
studied for human use.

RESULTS
	 To identify a lead compound, we docked twenty thousand 
substances from the catalogs of Alfa-Chemistry in the 
ZINC15 database. Around 0.865% of the compounds had 
a binding energy of -9 kcal/mol and under, with only two 
compounds having a binding energy of less than -11 kcal/mol. 
ZINC000001042092 had an exceptionally low binding energy 
of -11.7 kcal/mol. ZINC000001710746 also had a low binding 
energy of -11.5 kcal/mol (Table 1).

The “Lipinski rule of 5” is most commonly used to eliminate 
non-ideal candidates. This rule states that a lead compound 
which violates more than one of these rules will have poor 
absorption or permeation: {1} -More than 5 hydrogen bond 
donors; {2} - More than 10 hydrogen bond accep-tors; {3} - 
Molecular weight of more than 500 Dalton; {4} - Calculated 
octanol-water partition co-efficient (cLogP) is calculated to 
be greater than 5 (17). Although both ZINC000001042092 
and ZINC000001710746 only violate one of these rules, their 
high molecular weight and the number of benzene rings lead 
to concerns about permeability and solubility. Taking these 

into consideration, we chose ZINC000001587011, as it had 
a much lower molecular weight and much higher Abbot 
bioavailability score while maintaining an acceptable binding 
energy of -10.9 kcal/mol. Moreover, this compound, known 
as brequinar, is already clinically used to treat autoimmune 
diseases, such as rheumatoid arthritis, by inhibiting human 
dihydroorotate dehydrogenase (18).

In order to improve our lead compound, we modified it 
with chloroalkane, nitro, and aldehyde groups. We then re-
docked these derivatives of brequinar. We specifically chose 
these groups be-cause they have the potential to increase 
the electron acceptor groups, making it easier to interact with 
the binding site. Carbon atoms, which can be modified with 
functional groups, are C1, C10, C11, C12, C19, C20, C23 (Figure 2). 
No improvement in binding energy was observed out of the 
30 derivatives, but cLogP values varied widely. For molecules 
modified with chloroalkane groups, the cLogP unexpectedly 
increased, while others modified with nitro groups and 
aldehyde groups usu-ally decreased in cLogP (Table 2). 
The lowest achieved cLogP, N1, had a difference in cLogP 
of 1.12 compared to the original lead compound. The reason 
for analyzing the cLogP is because lower values usually have 
better performances in drug-likeness tests due to increased 
solubility in water.

Next, we analyzed the 3D structure of the modified 
compounds docked with LpxC. We found that a Zn2+ ion was 

Figure 2: Structure of ZINC000001587011. The numbers are used 
to identify all individual atoms except for hydrogen.

Table 1: Top three molecules with the lowest binding energies after docking with LpxC.
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inside the active site which has two openings (Figure 3). One 
opening is connected to a small tunnel, which only allows 
certain structures to enter it. However, all compounds that 
could enter this tunnel had tighter interactions with LpxC 
(Figure 4; Table 2). In fact, these compounds had the 10 
lowest binding energies of all the modified molecules. We 
found that only 2 benzyl rings could reach inside the tunnel, 
so modifications made on those rings would have a large 
effect on the binding energies. Only C5 and C6, which is 
located at the neck of the small tunnel, had space for small 
molecular modifications without drastic changes to the 
binding energy (Figure 4). We were able to perform larger 
molecular modification without affecting the binding energy in 
the phenyl ring near the center of the active site, at C19 and C20 
C23, on the same phenyl ring, is too close to the Zn2+ binding 
site of the candidates, leaving no space for modifications. 

To compare our candidates to inhibitors from previous 

research, CHIR-090, BB78484, LpxC-4 and TU-514, 
Simplified Molecular Input Line Entry System (SMILEs) files 
were pasted into Chem3D and exported as SDF files for 
molecular docking. We see that our candidates are similar 
in structure; however, their inhibitors have much higher 
binding energies, between -9.2 and -7.0 kcal/mol (Table 3). 
As mentioned earlier, we found that molecules that could 
reach inside the smaller tunnel in the binding site had better 
interactions. Most of these candidates reach into the tunnel, 
the purple-shaded region in Figure 5. CHIR-090 and LpxC-4 
both use their benzyl ring structures to reach into the tunnel. 
TU-514 uses a long carbon chain to reach into the tunnel. Only 
BB78484 does not reach into the tunnel due to its structure.

Figure 3: Active pocket on LpxC with two openings. Under this 
axis, small tunnel is located in the left side, and the one on the right 
is much bigger opening. The substrate is colored in red.

Figure 4: Ligand-protein 3D images. Small tunnel in the active 
site is shadowed in pink color. Green: Carbon, Blue: Nitrogen, Red: 
Oxygen, Light Blue: Fluorine.

Table 2: Docking results of ZINC000001587011 derivatives.
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DISCUSSION
In our research, we eliminated ZINC000001042092 and 

ZINC000001710746, our top two lead compounds with the 
lowest binding energies, due to concerns of permeability 
and solubility despite their extremely low binding energies. 
We used ZINC000001587011 as our lead compound and 
modified it with functional groups, as it had good permeability 
and solubility while maintaining a low binding energy. We 
then docked functional-group-modified versions of our lead 
compound and analyzed the results. We propose that N11 
is our best candidate due to its low cLogP, which makes the 
compound soluble in the water and thus more easily absorbed 
by the human body. Although its binding energy is slightly 
worse than the original ZINC000001587011, the cLogP value 
improved while maintaining the same bioavailability as the 
original, making it our best candidate.  

Bioavailability is very complicated in calculation, and 
even small modifications to the original compound can 
lead to large differences in bioavailability score. Although 
nitro-modified molecules had a decrease in bioavailability 
scores, the scores are still slightly higher than the two original 
eliminated candidates. The chloroalkane and aldehyde 
modified molecules had the exact same bioavailability score 
as brequinar, so these are more ideal for human consumption.

When compared to candidates from other research, we 
saw that previous candidates have a much lower cLogP, 
between 1.53 to 3.3. However, their binding energies 
are not as favorable as ours, ranging from -7 to -9.2 kcal/
mol. Future studies should be done on the modification of 
ZINC000001587011 to lower the cLogP to enhance drug 
performance. After analyzing the 3D structure of our results, 
we believe that future work should start with modification on 
C19 or C20 to better occupy the entire binding site. We predict 
that proper modifications on these carbons will lead to an 
improvement in binding energy.

In this study, we found that the N11 modification of 
ZINC000001587011 is an ideal candidate for the inhibition of 
LpxC in P. aeruginosa, due to its favorable binding energy, low 
cLogP, and high bioavailability. With further in vitro testing, this 
candidate is a promising treatment of the ongoing problem of 
MDR bacteria and can benefit communities worldwide.

MATERIALS AND METHODS
Materials
	 Two online databases were used; RCSB PDB (https://
www.rcsb.org/) and ZINC15 (https://zinc15.docking.org/) 
used to download protein structure files and ligands file, 
respectively. Docking platforms used were AutoDockTools 
1.5.6 and PyRX 0.9.x. Molecule remodeling programs 
used were ChemDraw 20.0 and Chem3D. Protein-ligand 
interaction figures in this study were made with Pymol 2.4. 
SwissADME was used for lead compound elimination and 
modified compound elimination.

Molecular Docking
	 The ligand files from the Alfa-Chemistry catalog were 
downloaded and converted to PDBQT format with the Open 
Babel function on PyRX. The docking center was set to 
-14.39, 14.97, -28.08 (x,y,z) with the grid box dimensions (Å) 
of 41.25, 20.25, 20.25 (x,y,z). The AutoDock VI-NA panel in 
PyRX was used for docking, with exhaustiveness set to 10. 
The two candidates with the lowest binding energies were 
selected for further remodeling.

Lead Compound Elimination
	 The compounds with the lowest binding energies from 
docking were successively analyzed with SwissADME, 
focusing on the molecular weights, ClogP, and the Abbot 
bioavailability scores. To make the final decision about the 
candidate to modify, these values were considered along with 
the binding energy.

Functional Group Modification
The candidates’ original ligand structures were input into 

ChemDraw using the SMILES code. Chloroalkane, nitro, and 
aldehyde groups were added on to the candidates’ backbone 
carbons one at a time. The modified molecules were copied 
to Chem3D and saved as SDF files. The mo-lecular docking 
process was then repeated with these files.

ACKNOWLEDGMENTS
	 We would like to thank our families for providing us with 
support throughout this entire project. We would also like 
to thank Microsoft Azure for providing us with our cloud 
computing platform and Google Meet for providing a virtual 
meeting space. 

Received: August 8, 2021
Accepted: February 20, 2022
Published: April 27, 2022

REFERENCES
1.	 Magiorakos, A.-P., et al. “Multidrug-Resistant, 

Extensively Drug-Resistant and Pandrug-Resistant 
BACTERIA: An International Expert Proposal for Interim 
Standard Definitions for Acquired Resistance.” Clinical 
Microbiology and Infection, vol. 18, no. 3, 2012, pp. 268–

Table 3: Docking results of inhibitors from previous research. 



27 APRIL 2022  |  VOL 5  |  5Journal of Emerging Investigators  •  www.emerginginvestigators.org

281., doi:10.1111/j.1469-0691.2011.03570.x. 
2.	 “Biggest Threats and Data.” Centers for Disease 

Control and Prevention, 2 Mar. 2021, www.cdc.gov/
drugresistance/biggest-threats.html. 

3.	 Jernigan, John A., et al. “Multidrug-Resistant Bacterial 
Infections in U.S. Hospitalized Patients, 2012–2017.” 
New England Journal of Medicine, vol. 382, no. 14, 2020, 
pp. 1309–1319., doi:10.1056/nejmoa1914433. 

4.	 Fair, Richard J., and Yitzhak Tor. “Antibiotics and 
Bacterial Resistance in the 21st Century.” Perspectives 
in Medicinal Chemistry, vol. 6, 2014, doi:10.4137/pmc.
s14459. 

5.	 Llor, Carl, and Lars Bjerrum. “Antimicrobial Resistance: 
Risk Associated with Antibiotic Overuse and Initiatives 
to Reduce the Problem.” Therapeutic Advances 
in Drug Safety, vol. 5, no. 6, 2014, pp. 229–241., 
doi:10.1177/2042098614554919. 

6.	 Kohanski, Michael A., et al. “How Antibiotics Kill 
Bacteria: From Targets to Networks.” Nature Reviews 
Microbiology, vol. 8, no. 6, 2010, pp. 423–435., 
doi:10.1038/nrmicro2333. 

7.	 Cohen, J. “Non-Antibiotic Strategies for Sepsis.” Clinical 
Microbiology and Infection, vol. 15, no. 4, 2009, pp. 302–
307., doi:10.1111/j.1469-0691.2009.02753.x. 

8.	 Rémy, Benjamin, et al. “Interference in Bacterial 
Quorum Sensing: A Biopharmaceutical Perspective.” 
Frontiers in Pharmacology, vol. 9, 2018, doi:10.3389/
fphar.2018.00203. 

9.	 Ghosh, Anirban, et al. “Small-Molecule Inhibition of 
Bacterial Biofilm.” ACS Omega, vol. 5, no. 7, 2020, pp. 
3108–3115., doi:10.1021/acsomega.9b03695. 

10.	 Onishi, H. Russell, et al. “Antibacterial Agents That Inhibit 
Lipid a Biosynthesis.” Science, vol. 274, no. 5289, 1996, 
pp. 980–982., doi:10.1126/science.274.5289.980. 

11.	 Zhou, Pei, and Adam Barb. “Mechanism and Inhibition 
of Lpxc: An Essential Zinc-Dependent Deacetylase of 
Bacterial Lipid a Synthesis.” Current Pharmaceutical 
Biotechnology, vol. 9, no. 1, 2008, pp. 9–15., doi:10.2174
/138920108783497668. 

12.	 Barb, Adam W., et al. “Inhibition of Lipid a Biosynthesis 
as the Primary Mechanism of Chir-090 Antibiotic Activity 
Inescherichia Coli†.” Biochemistry, vol. 46, no. 12, 2007, 
pp. 3793–3802., doi:10.1021/bi6025165. 

13.	 Clements, John M., et al. “Antibacterial Activities and 
Characterization of Novel Inhibitors of Lpxc.” Antimicrobial 
Agents and Chemotherapy, vol. 46, no. 6, 2002, pp. 
1793–1799., doi:10.1128/aac.46.6.1793-1799.2002. 

14.	 Tomaras, Andrew P., et al. “LpxC Inhibitors as New 
Antibacterial Agents and Tools for Studying Regulation 
of Lipid A Biosynthesis in GRAM-NEGATIVE 
PATHOGENS.” MBio, vol. 5, no. 5, 2014, doi:10.1128/
mbio.01551-14. 

15.	 Coggins, Brian E., et al. “Refined Solution Structure of 
the Lpxc−Tu-514 Complex and Pka Analysis of an Active 
Site Histidine: Insights into the Mechanism and Inhibitor 

Design.” Biochemistry, vol. 44, no. 4, 2005, pp. 1114–
1126., doi:10.1021/bi047820z. 

16.	 Willcox, Merlin L, et al. “A ‘Reverse Pharmacology’ 
Approach for Developing an Anti-Malarial Phytomedicine.” 
Malaria Journal, vol. 10, no. S1, 2011, doi:10.1186/1475-
2875-10-s1-s8. 

17.	 Lipinski, Christopher A, et al. “Experimental and 
Computational Approaches to Estimate Solubility and 
Permeability in Drug Discovery and Development 
Settings 1PII of Original Article: S0169-409X(96)00423-1. 
the Article Was Originally Published in Advanced Drug 
Delivery Reviews 23 (1997) 3–25. 1.” Advanced Drug 
Delivery Reviews, vol. 46, no. 1-3, 2001, pp. 3–26., 
doi:10.1016/s0169-409x(00)00129-0.

18.	 “NCATS INXIGHT: Drugs - BREQUINAR.” Inxight Drugs, 
drugs.ncats.io/drug/5XL19F49H6.

Copyright: © 2022 Liu and Fan. All JEI articles are distributed 
under the attribution non-commercial, no derivative license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).  This 
means that anyone is free to share, copy and distribute an 
unaltered article for non-commercial purposes provided the 
original author and source is credited.


