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Abstract:

The goal of my study was to find out how antibiotics work and how bacteria are escaping
antibiotics by using the bioinformatics approach to understand the process. Antibiotic resistant
bacteria that are difficult to treat are becoming increasingly common and are causing a global
health crisis. These types of deadly bacteria are known as superbugs. Every year in the United
States, at least two million people become infected with bacteria that are resistant to antibiotics
and at least 23,000 people die each year as a direct result of these infections. In addition, the
current death toll is 700,000 worldwide due to antibiotic resistant bacteria. However, it is
estimated that by the year 2050, it will balloon to ten million deaths every year. To give a better
perspective, that is more than the 8.2 million per year who currently die of cancer and the 1.5
million who die of diabetes, combined. This global crisis can be prevented if action is taken
soon. The tools used in my research were the Protein Data Bank, Uniprot, Drugbank, and
Chimera. All of these resources were used to gather useful information on the resistant bacteria
and the antibiotics to show and understand how they work.

Introduction:

Bioinformatics is the science of analyzing macromolecules by using certain techniques to
observe, understand, and gather information of the molecules. Bioinformatics includes
information of the macromolecule structure, DNA sequence, and a protein’s structure and its
purpose. Computer science and mathematics are used to compute the biological problems.

When a person develops a bacterial infection, the doctor will prescribe to them an
antibiotic. Moreover, there are well over one hundred different kinds of antibiotics that treat
different kinds of sicknesses. However, these superbugs are strains of bacteria that have evolved
after coming into contact with the antibiotics. These bacteria go through a process of becoming
resistant to many of the antibiotics and then they begin to multiply. The scary thing is that these
superbugs can even develop during the course of a person taking the antibiotics. The type of
bacteria that are superbugs follow the acronym ESKAPE:

E: Enterococcus faecium

S: Staphylococcus aureus
K: Klebsiella pneumoniae
A: Acinetobacter

P: Pseudomonas aeruginosa
E: Enterobacter

Generally, there are two types of bacteria. There are gram negative bacteria and there are
gram positive bacteria. They both have similar structures that make up the cell wall but one of



the difference is that gram negative has an extra membrane layer on the outside that gives it
further protection which makes it harder for the antibiotic to do its job of destroying the bacteria.
Therefore, it is mostly these gram negative bacteria that become the more resistant out of the
two.

Gram positive Gram negative
Outer membrane

Periplasm

Cell wall

Plasma membrane

DNA

(figure 1)

“Form follows function” which means that a structure within an organism is related to its
purpose. Proteins fold in three dimensions and its structures are formed in direct correlation to
what they are meant to do. The three main websites that | mainly used for my research are
Uniprot.org, Rcsb.org (the Protein Data Bank), and Drubank.ca. In order to gather information
on the bacteria and the antibiotics, | followed certain steps to achieve this. First, to get the
primary structure of the protein I retrieved it from the Uniprot database which is a central
repository of protein sequence data. Next, to find the three dimensional protein structures | went
to the Protein Data Bank which is a database for three dimensional structural data of large
biological molecules, such as proteins and nucleic acids. And then last, | obtained the drug
information from the Drug Bank which is bioinformatics and cheminformatics resource that
combines detailed drug data with comprehensive drug target information.
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Experimental Section:

The following diagram shows the different ways and mechanisms that antibiotics attack
and kill the bacteria along side with examples of different types of antibiotics listed that cause
each mechanism.

Penicillin

Inhibits Bacterial
Cell Wall Synthesis [— Cephalosporins
1

Vancomycin

Aminoglycosides Trimethoprim

Inhibits Bacterial
Inhibits Bacterial )
Chloramphenicol —{  Protein gyrlthesis Folic Acid Synthesis — Sulfonamides
4
/ Pyrimethamine
Tetracyclines

Inhibits Bacterial
Nucleic Acid
3

Fluoroquinolones Rifampin

(Figure 3)

The first mechanism is inhibition of cell wall synthesis. The antibiotics job is to stop the
cell wall from producing. The second mechanism is the inhibition of protein synthesis. Without
its proteins, the bacteria can't carry out vital functions, including asexual reproduction. The third
mechanism is inhibition of nucleic acid synthesis. Nucleic acid is what makes up DNA, and
without it the Bacteria cannot form. And the fourth mechanism is inhibition of folic acid. Folic
acid is needed in order for bacteria to grow and without it the bacteria will die. All in all, certain
antibiotics will target at different sites of bacteria.

Shown below are some of the structures of the antibiotics which will be mentioned about
later on this paper.
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Now I’m going to tell you the first part of my research of how antibiotics work. Before, |
showed you four ways, but now I will be focusing on just one of them. Someone | know told me
of how they went to the doctor and were prescribed with Penicillin V due to a bacterial infection.
Being curious of how the antibiotic Kkills the bacteria, | decided for demonstrative purposes to
focus on this drug. | went through the same steps of going to the Drugbank to find information
on Penicillin V, and then went to Uniprot, & then the Protein Data Bank.

First, by going to the Drug Bank I searched for penicillin V in the search box.
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Wishart DS, Knox C, Guo AC, Shrivastava S, Hassanali M, Stothard P, Chang Z, Woolsey J. DrugBank: a comprehensive resource for in silico drug discovery and exploration. Nucleic Acids
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Drug of the day: Vecuronium

Monoquaternary homolog of pancuronium. A non-depolarizing neuromuscular blocking agent with shorter duration of action than pancuronium. Its lack of significant

cardiovascular effects and lack of dependence on good kidney function for elimination as well as its short duration of action and easy reversibility provide advantages
over, or alternatives to, other established neuromuscular blocking agents. [PubChem]

Vecuronium is a muscle relaxing agent and is used as an ajunct in general anesthesia.

Learn more about Vecuronium

(Figure 5)

1. Next, | found the structure of the drug

2. When | clicked on pharmacology, that is where | found the mechanism of action, which
is where it explains how the drug is interacting with the bacteria

3. Then when I clicked on targets, it brought me to the five different proteins that it binds to

DRUGBANK Browse - Search ~ Downloads About ~ Help ~ Gontact Us Search Drugs B B

Get DrugBank to go! The DrugBank app for iOS and Android is coming soon.

Show Drugs with Similar Structures

E Identificatiofll Pharmacology | Inf cﬁo:: References =~ ADMET = Pharmacoeconomics = Properties = Spectra | Taxonomy 0 Comments

Identification

Name Phenoxymethylpenicillin

Accession Number DBO00417 (APRD00423, DB08415)

Type Small Molecule

Groups Approved, Vet Approved

=] 1 (Penicillin V) is narrow spectrum antibiotic used to treat mild to moderate infections caused by susceptible bacteria. It is a natural penicillin antibictic that is administered
orally. Penicillin V may also be used in some cases as against st i

Natural penicillins are considered the drugs of choice for several infections caused by susceptible

nor group D i, viridans group streptococei, and non-
penicillinase producing staphylococcus. Aminoglycosides may be added for synergy against group B streptococcus (S. agalactiae), S. viridans, and Enteracoccus faecalis. The natural penicillins

may also be used as first or second line agents against susceptible gram positive aerobic bacilli such as Bacillus anthracis, Corynebacterium diphtheriae, and Erysipelothrix rhusiopathiae. Natural
penicillins have limited activity against gram negative organisms; however, they may be used in some cases to treat i i i

pns. Resistance patterns, susceptibility and treatment guidelines vary across regions.

gram positive aerobic organisms, such as Streptococcus pheumoniae, groups A, B, C and G

caused by Neisseri and They are not

VISRl @ view 3D Structure
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(28,5R,6R)-3,3-Dimethyl-7.
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(Figure 6)



This is the list of five different proteins. Each protein has a Uniprot ID number that will
bring you to the Uniprot website to get the sequence of that protein. The Drugbank provides a lot
of valuable information but I focused on specific parts that | used for my research.

2. MecA PBP2' (penicillin binding protein 2')

Kind Protein
Organism  Staphylococcus aureus
Pharmacological action

Actions T

General Function:  Penicillin binding
Specific Function:  Not Avallable
Gene Name:  mecA
Uniprot ID: Q53707
Molecular Weight:  76285.485 Da

References

1. Lemaire S, Glupczynski ¥, Duval V. Joris B, Tulkens PM, Van Bambek F: Activites of ceftobiprole and cther caph
Antimicrob Agents Chemather. 2000 Jun:53(B1:2288-07. doi: 10.1128/AAC.01135-08. Epub 2008 Mar 16. [PubMed

3. D-alanyl-D-alanine carboxypeptidase DacB

Kind Protein
Organism  Escherichia coli (strain K12)
Pharmacological action

General Function:  Serine-type d-ala-d-ala carboxypeptidase activity
pecific Function:  Not involved in transpeptidation but exclusively catalyzes a DD-carbo. and DD-er reaction.

Uniprot ID:  P24228

References

1. Berman HM, Westbrook J, Fang Z, Gilliand G, Bhat TN, Weissig H, Shindyalov IN, Bourne PE: The Protein Data Bank. Nucleic Acids Res. 2000 Jan 1,28(1):236-42. [PublMed:10592235 (]

4, Penicillin acylase

Kind Protein
Organism  Lysinibacillus sphaericus
Pharmacological action

General Function:  Penicillin amidase activity

(Figure 7)

The next step is to go to the Uniprot website to get the sequence. By going back to the
target sites from the Drugbank and clicking on the Uniprot ID number, it will bring you to the
website and we will find valuable information on the protein.

s against extracellular and infracellular (THP-1 macrophages and keratinocytes) forms of methicillin-susceptile and methicillin-resistant Staphylococcus aureus.
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Protein | D-alanyl-D-alanine carboxypeptidase DacB

Publications
Gene dacB

Organism Escherichia coli (strain K12)

Feature viewer

Feature table

Not involved in transpeptidatigf§ i i peptidase reaction. ¢ 1 ion ~

| Subcellular location

. Catalytic activity'
Pathology & Biotech Preferential cleavage: (Ac)(2)-L-Lys-D-Ala-
Pty " poptidoglycan biosynthesis

This protein is invelved in the pathway peptidoglycan biosynthesis, which is part of Cell wall biogenesis.
View all proteins of this organism that are known to be involved in the pathway peptidoglycan biosynthesis and in Cell wall biogenesis.

-Ala. Also transpeptidation of peptidyl-alanyl moieties that are N-acyl substituents of D-alanine.

Sites

Feature key Position(s) Length Description ‘Graphical view Feature identifier Actions
Active site? 62 - 62 1 Acyl-ester intermediate |

Active site! 65 - 65 1 Proton acceptor By similarity |

Binding site’' 417 - 417 1 Substrate & By similarity ‘

GO - Molecular function’
= carboxypeptidase activity & Source: EcoCyc ~

(Figure 8)

1. | found the protein name
2. The function of the protein is found. This protein is important for bacterial cell wall synthesis
3. Then I clicked on Names & Taxonomy

Display Names & Taxonomy’

Protein names! Recommended name:
D-alanyl-D-alanine carboxy DacB (EC:3.4.16.4)
= Shert name:DD-carboxypeptidase
= Short name:DD-peptidase

Alternative name(s):
« D-alanyl-D-alanine endopeptidase (EC:3.4.21.-)

= Short name:DD-endopeptidase
+ Penicillin-binding protein 4
= Short name:PBP-4

Publications

Feature viewer

Feature table

Gene names'  Name:dacB
Ordered Locus Names:b3182, JW3149

Organismi Escherichia coli (strain K12)

Taxonomic 83333 [NCBI]
identifier’

Taxonomic Iineagei Bacteria > Pr ia > Gammapr ia » Enterobacterales » Enterobacteriaceae > Escherichia > B}

Proteomes’ UP000000318 Component': Chromosome
UP000000625 Compenent': Chromosome

Organism-specific databases

EcoGene' EG10202. dacB.

Subcellular location’
4 EETE + perpissm ¢ Gurats

aTop

GO - Cellular oumpunan‘tl
= outer membrane-bounded periplasmic space § Source: EcoliWiki

Complete GO annotation...

Keywords - Cellular component'
Periplasm

(Figure 9)



I found a list of synonyms for the same protein and | chose the easier and more common
name that is used which is “Penicillin binding protein 4. Also on the left hand side, by clicking
on sequence tab, it brought me to the sequence of this protein. The Uniprot website provides a lot
of valuable information but I focused on specific parts that | used for my research.

Display Sequence
Sequence processing': The displayed sequence is further processed into a mature form.
Publications

Length: 477

P24228-1 [UniPa rvc]‘ &, FASTA H @@ Add to basket
e Mass (Da): 51,798

Feature viewer

« Hide
Feature table Last modified: November 1, 1995 - v2
H Checksum:' 4EFSE43D2BEC4ESE
None H |
[foion | @ escrarsvon nvoTETIQL PAGNTAIY QEVGAEASAT (e
+|Function H
MRFSRFIIGL TSCIAFSVQA ANVDEYITQL PAGANLALMV QKVGASAPAL
N DYHSQOMALP ASTQKVITAL AALIQLGPDF RFTTTLETKG NVENGVLKGD
| Subcellular location
110 120 130 140 150 :
Pa[thDgy&Bioleuh LVARFGADPT LKRQDIRNMV ATLKKSGVNQ IDGNVLIDTS IFASHDKAPG i
STV /P ) 160 170 180 150 200
WPWNDMTQCF SAPPAAAIVD RNCFSVSLYS APKPGDMAFI RVASYYPVTM
210 220 230 240 250
. FSQVRTLPRG SAEAQYCELD VVPGDLNRFT LTGCLPQRSE PLPLAFAVQD
] [ L [ J [
GASYAGATLK DELKQAGITW SGTLLRQTQV NEPGTVVASK QSAPLEDLLK
: 310 320 330 340 350 ‘ I ll‘ :I II l II l II .g
IMLKKSDNMI ADTVFRMIGH ARFNVPGTWR AGSDAVRQIL RQQAGVDIGN i
TITADGSGLS RENLIAPATM MQVLQYIAQH DNELNFISML PLAGYDGSLQ 4
rotein .
Em,y information YRAGLHQAGV DGKVSAKTGS LQGVYNLAGF ITTASGQRMA FVQYLSGYAV
460 470 H
saoomsR: prmeESRLY Koo :

«Top
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After finding the sequence of the protein, the next step is to actually find its structure.
And that is done by going to the Protein Data Bank website. When going to the Protein Data
Bank website, | typed in “Penicillin Binding Protein 4” and there were eighteen structures of this
protein that appeared.

RCSB PDB

Search~ Visualize ~

Deposit ~

Analyze ~ Download ~ Leam ~

More ~

o An Information Portal to
(i i
123870 Biological

PROTEIN DATA BANK Macromolecular Structures

HMDataBank & My StructuralBiology
!““ n‘\_]_Lﬁ.’s'fa“ Knowlecgebase

x

close 3

Penicillin-binding protein 4

UniProt Molecule Name [Structural Domains Polymer Type

i PrB-101

- Penicillin binding protein 4 (18) | - DD-carboxypeptidase DacB ( [ . (6)

- Protein (114981) |

A Structural View of Big
M Welcome This resource is powered by the Protein|
3D shapes of proteins, nucleic acids, ar|
rs De osit students and researchers understand al Sequence Cluster Name
t P from protein synthesis to health and dis
- PENICILLIN-BINDING PROTEIN 4
As a member of the wwPDB, the RCSB Find all
Q Search .
The RCSB PDB builds upon the data by
research and education in molecular big
Ed Visualize biology, and beyond.
Analyze Discovering Biology Through Crystallography . . [—Comm uﬂ

F 100%  ~

(Figure-l'ln)




The entry that | chose was 2EX9 because it was complexed with “penicillin V”” which is
the antibiotic that we originally searched for in the Drug Bank.

RCSB PDB  Deposit ~ Search~ Visualize ~ Analyze ~ Download ~ Leam ~ More ~

PR N QICHIOMETRY Residue Count: 458

Monomer (9)

Homomer (5) —
Heteromer (4) 2EX9 View File
Refine Query

Crystal structure of penicillin binding protein 4 (dacB) from Escherichia coli,
complexed with penicillin-V

RERESENTATIVE STRUCTURES@ Kishida. H., Unzai, S., Roper, D.I., Lioyd, A., Park, S.-Y., Tame, J.R.H.

100% .

95% (2006) Biochemistry 45 783-792

90% - Released: 6/13/2006 Macromolecule:

70% Method: X-ray Diffraction Penicillin-binding protein 4 (protein)
50% ©30 View Resolution: 1.65 A Unique Ligands: 35P, GOL

40% Residue Count: 458

30%

2EXA View File

Crystal structure of penicillin binding protein 4 (dacB) from Escherichia coli,
complexed with FAROM

Nk
C‘& %*\\ Kishida, H., Unzai, S., Roper, D.L, Lioyd, A., Park, S.-Y., Tame, J.R.H.
s :
§ | (2006) Biochemistry 45 783-792
3 - & Released: 6/13/2006 Macromolecule:
i . ) ) . Contact Us
Mothad: ¥ rau Mitteaction Danicilin hindinn nentein 4 imtaint -onac

(Figure 12)

= Query Details

After clicking on the entry of choice, it directed to the page that gives a structure
summary of the whole entry. On this page, there is a lot of value information but I focused on
specific parts that | used for my research. On this page the structure image, full protein name,
and macromolecules, was found. To find further details on this entry, I clicked on the PDB file
that is the encyclopedia of the three dimensional crystal structure of this protein. This file has a
lot of important information, however, | focused on how the sequence translates to its structure.
Next, | focused on how the sequence translates to its structure. | found the sequence of the protein
which show all the amino acids that make up the protein for each residue and it breaks it down
further to show its atoms.

SouALY <RA¥ mAL A U unr  Fezals
SEQADV 2EX9 TYR A 261 UNP P24228 ASE ATOM 1 W THR A 28 45.863
SECRES 1 A 458 MET ALA ASN VAL ASP GLU ATOM 2 ca THR A 28 ag.149
SEQRES 2 A 458 GLY ALA ASN LEU ALA LEU ATOM 3 ¢ THR A 22 45.546
SEoRES 3 A 156 LED 5RO AL SER Tmm oow aTan ¢ o TERA 28 15.08¢
SECRES 5 A 458 ALA LEU ILE GLN LEU GLY aton S CE THR A 28 47.888
SEQRES & A 4583 THR LEU GLU THR L¥S GLY ATOM 6 OGL THR A 23 47.832
SEQRES 7 A 458 L¥S GLY A5P LEU VAL ALA LTCHM J G CG2 THR A 23 43425
SEQRES 8 A 458 LEU LYS ARG GLN ASP ILE "
SEQRES & A 458 LYS L¥S SER GLY VAL ASN ATOM 9 CAn GLN A 29 43.843
SEQRES 10 A 458 ILE ASP THR SER ILE PHE ATOM 10 C GLN & 2o 44.516
SEQRES 11 & 458 GLY TRP PRO TRP ASN ASP ATOM 11 Fo) GLN A 29 43.946
SECRES 12 A 458 PRO PRO ALA ALA ALA ILE aToM 12 CE oM & 28 43357
SECRES 13 A 458 VAL SER LEU TYR SER ALA STou 1% e omm A ss i1ams
SEQRES 14 A 458 PHE ILE ARG VAL ALA SER -
SEQRES 15 & 458 SER GLN VAL ARG THR LEU ATOM 1¢ co GLN 2 28 41.086
SEQRES 16 A 458 GLN T¥R C¥S GLU LEU ASP ATOM 15 OEl GLNW A 29 40.287
SEQRES 17 A 458 ARG PHE THR LEU THR GLY ATOM 15 NE2 GLN & 29 41.667
SEQRES 18 A 453 PRO LEU PRO LEU ALA PHE B R e w10 0
SECRES 18 A 458 TYR ALA GLY ALA ILE LEU aTOoM 18 CA LEU & 30 45,318
SEQRES 20 A 458 GLY ILE THR TRP SER GLY ATOM 1s ¢  LEU & 30 47.123
SEQRES 21 A 458 VAL ASN GLU PRO GLY THR
SEQRES 22 A 458 ALA PRO LED HIS ASP LED ATOM 20 0 LED A 30 47.705
SEQRES 23 B 458 SER ASP ASN MET ILE ALA ATOM 21 CB LEU 2 30 47.139
SEQRES 24 A 458 GLY HIS ALA ARG PHE ASN ATOM 22 €6 LED A 30 46.233
SEQRES 25 A 458 GLY SER ASF ALA VAL ARG ATOM 23 CD1 LEU A 30 - 47.105
SEQRES 26 A 458 GLY VAL ASP ILE GLY ASN eI o v b - W< Ve FLo = MU % e M
SEQRES 27 A 458 GLY LEU SER ARG HIS ASN ATOM 25 N PFRO A 31 47.163
SEQRES 28 A 458 MET GLN VAL LEU GLN TYR ATOM 26 CA PRC A 31 47.8383
SEQRES 29 A 458 LEU ASN PHE ILE SER MET ATOM 27 C PRO A 31 49,330
Smorrs A ses vAc ace SLv Lvs var sem ATOM 25 ©  BRO A 31 ss-223
SECRES 32 A 458 GLY VAL TYR ASN LEU ALA ATOM 22 €8 PRO & 31 47.838
SEQRES 33 A 458 GLY GLN ARG MET ALA PHE VAL GLN TYR LEU SER GLY T¥R ATCM 30 CG PRO A 31 47.511
SEQRES 34 A 458 ALA VAL GLU PRO ALA ASP GLN ARG ASN ARG ARG ILE PRO ATOM 31 CD PRO A 31 48.570
ATOM 32 N AT.Z & 32 49 _92§F
Protein sequence studied in this entry Protein coordinates in entry 2EX9

2EX9 obtained by X-ray crystallography
(Figure 13)
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The sequence shows the first three visible amino acids and for each amino acid it shows
the atoms that makes it up. For each atom there is an x,y,z coordinate which is the mathematical
numbers of the three dimensional crystal structure of the protein. These coordinates are what
translate into a three dimensional image.

ATOM 1 N THR A 28 76.203 -25.080 45.863
ATOM 2 CAR THR A 28 T7.624 -24.6%90 46.14%
ATOM 3 C THR A 28 78.720 -25.602 45.54@
ATOM 4 0 THR A 28 T9.010 -26.704 46.058
ATOM 5 CB THR A 28 T77.874 -24.491 47.666
ATOM € OGl THR A 28 T9.264 -24.730 47.832
LTO 7 Ci2 B2 232 JJ 1E80 _2CD S84 43 200
ATOM 8 N GLN A 2% T9.316 -25.087 44.463
ATOM & CA GLN & 29 80.527 -25.640 43.843
ATOM 10 C GLN A 29 81.742 -25.011 44.51&
ATOM 11 0O GLN A 29 82.847 -24.568 43.54¢
ATOM iz CB GLN & 29 80.545 -25.257 42.357
ATOM 13 CG GLN & 29 79.580 -26.043 41.473
ATOM 14 CD GLN & 29 80.121 -27.406 41.0%¢
ATOM 15 ©OE1l GLN & 29 81.056 -27.507 40.287
ATOM 16  NEZ GLN A 29 74,538 23,457 41.6867
ATOM 17T H LEU A 30 81.534 -24.326 45.73%
ATOM 13 CA LEU & 30 82.409 -23.513 46.318
ATOM 18 C LEU A 30 83.566 -24.105 47.123
ATOM 20 O LEU & 30 83.41% -25.180 47.705
ATOM 21 CB LEU A 30 81.565 -22.524 47.13%9
ATOM 2z CG LEU A 30 80.583 -21.702 46.283
ATOM 23 CD1 LEU A 30 79.421 -21.134 47.105
ATOM 24 CDZ LEU & 30 81.310 -20.604 45.517
T Tt T T et v
ATOM 26 CA PRO A 31 85.886 -23.88% 47.883
ATOM 27 C PRC A 31 85.545 -24.201 49.330
ATOM 23 0O PRC A 31 84.595 -23.617 49.883
ATOM 29 CB PRO A 321 86.856 -22.693 47.838
ATOM 30 CG PFRO A 31 85.977 -21.524 47.511
ATOM 31 CD PRO A 31 84.945 -22.077 46.570
ATOM 32 N ATA A 32 AR.3T5E 25,170 4G_GZ&

(Figure 14)

Those Xx,y,z coordinates translate the atoms into this three dimensional picture (middle
picture). The atoms makeup the first three amino acids. All of the atoms and their coordinates
makeup the full three dimensional structure of the protein (right picture). However, by looking at
this file it may be hard understanding exactly what is going on. To understand it better | pulled
up this entry in a three dimensional viewer called Chimera. When translating these x,y,z
coordinates of the atoms into a three dimensional picture one will be able to view it better.

First, I went to Chimera, and typed in the entry 2EX9 from the Protein Data Bank in the

“fetch by id” box. The whole protein structure will appear with Penicillin V bound to it. In
Chimera | learned how to use the tools and different features and how to modify the molecule.
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T (Figure 15)

In this image it is shown that the penicillin beta lactam ring is broken. The Antibiotic is
binding to the Serine 62 of the Penicillin-Binding Protein 4. This serine is what helps to make the
cell wall but the antibiotic is now blocking serine 62 and therefore, the bacteria cannot make cell
wall causing it die.

Results and Discussion:

Previously | explained the different ways how antibiotics work. Now | am going to go to the
second part of my research and show the different ways of how bacteria escape antibiotics.
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Shown in figure 15, is a bacterial cell and the blue circles symbolize the antibiotics molecules.
There are many mechanisms of how these bacteria are escaping the antibiotics. The most
common mechanism is inactivation of the drug by enzymes. The bacteria develop enzymes that
are capable of inactivating the antibiotics. Another mechanism is efflux pump. The antibiotics go
inside the bacterial cell and there are special molecular pumps that pump the antibiotics out of
the bacteria cell. The next mechanism is that the bacteria goes and changes the drug target so that
antibiotic cannot bind to drug target site and then the antibiotic becomes useless. For example,
we can refer previously to the penicillin V binding to penicillin binding protein 4. The bacteria
can go and change the structure of Penicillin Binding Protein 4 so that the antibiotic will not be
able to bind to it. The last mechanism is where bacteria modifies its cell wall so that drugs cannot
even penetrate and get inside. Due to limited time in my research, | focused and elaborated on
the first two mechanisms only.

Examples of mechanisms of antibiotic resistance g
bacterial cell

inactivation of g
@ antibiotic d:ug b; enzymesl 9 = /
=\ = cell wall
:! 1 i — - drug-inactivating "\
o 00 : . - I enzyme

activation of
drug efflux pumps| g <]

chromosome
~ L

cytoplasm

modified cell
wall protein -

3

inhibition of plasmid
drug uptake OQ
4 Q (> 9 © 2009 Encyclopaedia Britannica, Inc.

(Figure 16)

Next in my research | will discuss the mechanism of inactivation of drug by enzymes. NDM-
1 is a deadly enzyme. By using this molecule, bacteria can escape most antibiotics and that is
why it is called a superbug. One of the most dangerous strains arose in south Asia and recently
caused a series of deadly infections in Los Angeles area medical centers. Most enzymes surround
their substrates, so that they recognize only their specific target molecules. NDM-1, on the other
hand, recognizes the key reactive portion of the antibiotics by using two zinc ions, but ignores
the rest of the molecule. That is how it can disable nearly all B-lactam antibiotics. The entry
4EYL from the Protein Data Bank highlights how NDM-1 destroys the antibiotic, Meropenem.
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Figure 17, shows the structure of NDM-1, the two zinc ions coming from the bacteria, and the
antibiotic Meropenem.

(Figure 17)
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(Figure 18)

Figure 18, shows the intact structure of the antibiotic compared to after NDM-1 has worked
on it. The enzyme NDM-1 breaks the beta lactam ring of the antibiotic and makes its inactive by
hydroxylating the beta lactam ring and changing its structure. The enzyme then becomes free
again to inactivate the next antibiotic.

Next, in my research | am going to discuss the efflux pumps in the resistant bacteria. There
are many different types of pumps but I will specifically be focusing on AcrB Transporter Pump.
The AcrB transporter pumps drugs out of the inner membrane of Escherichia coli and into a tube
formed by TolC, which directs the drugs all the way out through the outer membrane of the cell.
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The protein AcrA is thought to form a ring that connects AcrB and TolC, linking the entire
complex into a closed tube.

(Figure 19)

Next, in my research, | explored how AcrB pumps antibiotics out of bacterial cells. In Figure
20, these are two ArcB Protein structures from the Protein Data Bank entry 3AOC and 3AOD.
These proteins form a tube by using three different chains colored in the three different colors.
This protein is large and has many cavities that can bind many drugs in all different places at
once. Erythromycin is bound to 3AOC and Rifampicin and Minocycline are bound to 3A0D.
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(Figure 20)

This is a big protein with many cavities and because it has so many cavities it can
accommodate many antibiotic molecules at once. The authors suggest that AcrB acts like an
elevator, where several drug molecules board, the protein moves by a peristaltic movement and
ejects the drug molecules. Then AcrB reverts to its former shape and gets boarded again by more
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drugs. The authors hypothesize that the drugs are pushed from AcrB to TolC and out of the cell.
That is probably how the drug goes from the inside to the outside of the bacterial cell (shown in
figure 21).

(Figure 21)

The drugs are pumped through the green binding pocket and pink binding pocket and finally
leaves through the yellow exit funnel.

Conclusion:

From bioinformatics, I learned extensively how to use Uniprot, Protein Data Bank,
Drugbank, and Chimera. | was able to gather useful information for my research. The purpose
was to show the importance and to bring awareness of bacteria resistance because antibiotic
resistant bacteria is a major global crisis. NDM-1 is deadly enzyme. By using this molecule,
bacteria can escape most antibiotics and that is why it is a superbug. NDM-1 recognizes the key
reactive portion of the antibiotics using two zinc ions, but ignores the rest of the molecule. This
allows it to disable nearly all -lactam antibiotics. There are still a handful of strong antibiotics
that can attack these antibiotic resistant bacteria during the time being. However, these superbugs
are advancing quickly and scientists are currently trying to find a way to solve this problem
before it gets out of hand.
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