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Abstract: The emergence of antibiotic resistance in bacteria is a serious threat with enormous social and economic 

implications. The distribution of resistance genes/markers through horizontal gene transfer leads to the dissemination 

of resistant strains in different parts of the world. The resistant bacteria acquire the ability to overcome resistance by 

different modes amongst which the expression of -lactamases is a major factor. The -lactamase enzymes cleave the 

amide bond of the -lactam antibiotics, which constitute about one-third of the antibiotics used world over. In a quest 

to control the spread of resistant bacteria, advanced generations of antibiotics are used either alone or in combination 

with inhibitors. However, these antibiotics and inhibitors also contain -lactam ring in their structure and hence are 

prone to be hydrolyzed by -lactamase enzymes in the near future. Thus, the severity of the problem is manifested due 

to the paucity of novel non- -lactam core containing antibiotics in the drug development stage. One approach to over-

come these shortcomings is to use peptide-based inhibitors. Here, we describe the potential use of phage display tech-

nique to screen commercially available libraries to pan against -lactamase enzymes. The main advantage of using 

peptide-based inhibitors is that the bacteria will not be able to recruit pre-existing defense mechanisms and it will take 

a long time to evolve a new mechanism in its defense against peptide-based inhibitors. 
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ANTIBIOTIC RESISTANCE PROBLEM 

 The emergence of antibiotic resistance in bacteria is a universal 
threat that is pushing us into pre-antibiotic era where treating sim-
ple bacterial infections would be a challenge. The antibiotic resis-
tance phenomenon in bacteria can be described as the development 
of resistance against an antibiotic towards which it was earlier sus-
ceptible [1]. Over the counter sale and non-judicial consumption of 
antibiotics has put a selection pressure on bacteria to develop resis-
tance against that antibiotic. An infection caused by resistant bacte-
ria is difficult to treat which ultimately leads to an ineffective 
treatment, prolonged illness, elevated mortality rate and very high 
treatment cost [2]. Several factors contribute to the development of 
resistance in bacteria such as (i) mutations in the target of these drugs 
i.e. penicillin binding proteins involved in cell-wall biosynthesis  
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[3], (ii) deletion and/or modification of the porin channels through 
which the drugs diffuse [4], (iii) expression of pumps that export 
the drugs out of the bacterial cells [4], and (iv) over-expression of 

-lactamases in the presence of antibiotics [5, 6]. The most wide-
spread resistance mechanism remains the expression of -lactamase 
enzymes, which inactivate the -lactam antibiotics by hydrolyzing 
their -lactam ring [7]. 

 Multidrug resistant bacterial strains such as Klebsiella pneumo-
niae and Escherichia coli that harbor extended spectrum -
lactamase (ESBL) and metallo- -lactamase (MBL) are most com-
monly reported in hospital settings [8]. ESBLs expressing bacteria 
are resistant towards penicillins, different generations of cepha-
losporins and aztreonam. Infections by ESBLs have been treated by 
prescribing -lactam antibiotics in combination with mecha-
nism based inhibitors such as clavulanic acid and sulbactam [1]. 
These inhibitors compete with the antibiotics to bind at the active 
site of -lactamases and thus protect them from hydrolysis [1, 9]. 
However, new bacterial strains have now evolved that resist these 
inhibitors while maintaining the ability to hydrolyze lactam anti-
biotics [10, 11]. The situation is even more complicated with the 
emergence of a new MBL enzyme known as New Delhi metallo-
beta-lactamase 1 (NDM-1). NDM-1 was first reported in Klebsiella 
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pneumoniae strain isolated from Swedish patient receiving treat-
ment in India [12]. The NDM-1 carrying bacterial strain was resis-
tant to almost all the -lactam antibiotics including carbapenems, 
which are generally considered as the last resort treatment option 
against Gram-negative bacterial infections. Thus, the effectiveness 
of -lactam antibiotics to treat resistant bacterial infections is ques-
tionable. In future, a novel -lactam antibiotic may be developed 
against a resistant bacterium, but there is a high probability of resis-
tance development in bacteria against such antibiotics also. To pre-
vent this vicious cycle, we urgently require an alternative approach 
to design non- -lactam based antibiotics to fight against bacterial 
infections [13]. One of such alternatives stems up from an idea of 
antimicrobial peptides (AMPs). The use of AMPs will be new to 
the bacterial defense system and hence the bacteria will take time to 
develop new or modify existing mechanism of resistance. 

AMPs 

 AMPs are unique antibacterial agents that may serve as a novel 
therapeutic option over conventional -lactam antibiotics to treat 
bacterial infections caused by multidrug resistant bacteria. AMPs 
are found in all living organisms as a component of innate immu-
nity to fight against bacterial infections. They provide first-line of 
defense against any invading bacterial, viral, fungal pathogen as 
well eukaryotic parasite. AMPs are generally 12–50 amino acid 
residues long polypeptides that usually have a net positive charge 
on their surface [14]. They are diverse in their structure and se-
quence, containing approximately 50% hydrophobic amino acid 
residues. Moreover, they bind to negatively charged bacterial sur-
face through electrostatic interaction due to their cationic and hy-
drophobic nature [15]. However, they cannot interact with mam-
malian membrane due to the presence of zwitterionic phospholipids 
and cholesterol in such membranes [16]. 

 There are many different methods to identify and characterize 
antibacterial peptides from various sources. Some of these include 
crude extraction of natural antibacterial peptides, chemically syn-
thesized antibacterial peptides using gene screening and also mo-
lecular manipulation [17-22]. Phage-displayed peptide is a powerful 
technique to identify novel peptides exhibiting antibacterial activ-
ity. This technique has been employed to discover peptide-based 
inhibitors for antimicrobial drug discovery [23, 24]. However, most 
of these peptides exert their effect by lysing the bacterial cell wall, 
and hence are non-specific in nature. The concept of screening pep-
tides by phage display against -lactamases to overcome antibiotic 
resistance has not been explored by many. Only few researchers 
explored the usefulness of phage display technique to screen and 
identify peptide inhibitors against -lactamases. In one such study, 
Huang et al. had identified antibacterial peptides against TEM-1 -
lactamase using phage display [25]. However, there are no reports 
on the identification of antibacterial peptides against -lactamases 
such as CTX-M-15, SHV, NDM-1, IMP, KPC, AmpC using phage-
displayed peptide technique. 

CLASSIFICATION OF AMPs 

 Antimicrobial Peptide Database (http://aps.unmc.edu/AP/ 
database/antiB. php) has a repository of about 2521 AMPs (246 
from bacteria, 2 from archaea, 7 from protists, 13 from fungi, 314 
from plants, 1898 from animals and 41 synthetic peptides) that have 
been identified and characterized. On the basis of structural organi-
zation, AMPs can be classified into the following four classes: 

-Helical AMPs 

 -helical antibacterial peptides are the most abundant and wide-
spread peptides in nature. In aqueous solutions, -helical peptides 
lack any defined structure but they rearrange themselves into -
helical structures as soon as they are exposed to organic solvents or 
upon contact with phospholipids of cell membrane [26]. Depending 
on type and concentration, they can act by forming transient pores 

or channels on membranes leading to membrane disruption and 
cellular inactivation [27, 28]. 

-Sheeted AMPs 

 The presence of 2-3 disulphide bonds is the characteristic fea-
ture of -sheeted antibacterial peptides. They usually adopt either a 

-sheet or -hairpin fold structure. They induce lipid flip-flop 
movement, undergo membrane translocation and act on intracellu-
lar targets [29]. 

Extended AMPs 

 Extended antibacterial peptides are rich in specific amino acids 
such as Pro, Gly, Trp, Arg or His. They lack classical secondary 
structures due to the presence of high Pro and/or Gly contents and 
form their final structures only when in contact with bacterial 
membrane phospholipids. Hydrogen bonds and van der Waal inter-
actions play significant role in the interaction between extended 
antibacterial peptides and bacterial membrane phospholipids [30]. 

Looped Structured AMPs 

 The characteristic feature of looped AMPs is the presence of a 
loop structure due to the presence of a single disulphide, amide or 
isopeptide bond [31]. 

FUNCTION OF AMPs 

 In mammals, AMPs are expressed in a variety of cell types 
(monocytes or macrophages, neutrophils, epithelial cells, keratino-
cytes, mast cells, etc.) and act as immunomodulatory molecules in 
the innate immune system. In some cases, AMPs are released con-
stitutively while in others they are induced in response to external 
stimuli such as inflammation or tissue injury and on exposure to 
microbial signature molecules. Among their diverse functions, 
some are: bactericidal activity [32], anti-endotoxin activity [33], 
chemotactic activity [34], modulation of pro-inflammatory re-
sponses [35], modulation of cell proliferation and differentiation 
[36], promotion of wound healing and angiogenesis [37], induction 
of gene expression and enhancement of protein secretion in mam-
malian host cells [38], initiation and polarization of adaptive immu-
nity [39], etc. 

MECHANISMS OF AMP ACTION 

 Generally, AMPs bind to the surface of a membrane and self-
organize to form a permeation pathway when their critical threshold 
concentration is reached. These peptides (largely unfolded in solu-
tion) start adopting a secondary structure as soon as they come in 
contact with the membrane. On the membrane surface, small pep-
tide monomers remain in equilibrium with the aggregates of small 
peptides. The orientation of AMPs on the membrane surface also 
play crucial role in determining the membrane disruption property 
of AMPs. At lower concentration, AMPs bind parallel to the mem-
brane surface and above a critical peptide/lipid ratio, they adopt a 
perpendicular orientation to better penetrate the membrane. 

 It is widely believed that antibacterial peptides act as membrane 
disruptors. However, the possibility of their translocation into bac-
terial cytosol and inhibition of metabolic pathways cannot be ruled 
out [40]. It should be pointed out here that cationic antibacterial 
peptides specifically bind the negatively charged bacterial mem-
branes and not the membranes of mammalian as they are rich in 
sterols and zwitterionic phospholipids with a net charge nearing 
neutrality. The cholesterol in mammalian cell membranes reduces 
the affinity of antibacterial peptides towards them and hence pro-
tects the cells from attack [16]. AMPs are particularly very effective 
against Gram-negative bacteria as compared to Gram-positive bac-
teria due to the presence of a thinner peptidoglycan layer and an 
outer membrane. The outer membrane of Gram-negative bacteria is 
highly negatively charged and thus attracts cationic antibacterial 
peptides through electrostatic interactions. Antibacterial peptides 
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disrupt the outer membrane of a bacterium by binding to the anionic 
lipopolysaccharides and thereby neutralizing the charge. The pep-
tides are then inserted into or translocated across bacterial mem-
brane lipid bilayer [14]. Various models for the mechanism of anti-
bacterial peptides action on the bacterial membrane are discussed 
below. 

Barrel-Stave Model 

 In this model, channel forming peptides form a “barrel-like” 
ring around an aqueous pore. The term “stave” refers to the trans-
membrane spokes within the barrel. The transmembrane spokes 
may be composed of individual peptides or peptide complexes. In 
this model, the hydrophilic surfaces of the peptide form the inner 
lining of the pore, while the hydrophobic surfaces face outwards 
towards acyl chains of the membrane [41, 42]. 

Toroidal Pore Model  

 It is the most well characterized model for pore formation by 
antibacterial peptides. It differs from “Barrel-Stave” model in that 
the lipids are intercalated with peptides in the transmembrane chan-
nel. This model advocates the lining of membrane-spanning pores 
with polar peptide groups and phospholipid head groups both. This 
has been proposed to be the mechanism by which AMPs enter the 
cytosol of microbes to target intracellular organelles and proteins 
[43]. 

Carpet Model 

 It is a non-specific membrane permeabilization method in 
which AMPs act against micro-organisms in a relatively diffuse 
manner. No specific quaternary structure has been reported in this 
model. This model suggests that a large quantity of peptides accu-
mulate on the surface of the membrane leading to displacement of 
phospholipids and change in the membrane fluidity, which ulti-
mately leads to membrane disruption [15]. 

PHAGE DISPLAY TECHNIQUE 

 Phage display, a relatively new biotechnological technique 
which came to limelight in 1980s, can be used to screen protein 
interactions [44]. It has been used extensively in making discover-
ies and understanding the protein-protein interactions in the fields 
of cell biology, microbiology, immunology, pharmacology, and 
drug discovery. In the past few decades, phage display has been 
extensively used in drug design and discovery, drug target valida-
tion, vaccines development, selection of new antibodies, analysis of 
protein-protein interaction, epitope mapping, identification of novel 
enzyme substrates and inhibitors, designing abzymes and novel 
enzymes. Commonly, filamentous phage particles (Ff) such as 
M13, f1, Fd and ft are used to display a protein on its coat surface. 
The single stranded DNA of M13 codes for a total of 10 genes 
which are named using Roman numerals I through X (Fig. 1). The 
major and minor structural proteins of this bacteriophage are coded 
by gene VIII and III, respectively. The gene for the protein to be 
displayed is first inserted into the N-terminus of the phage coat 
protein III or VIII gene and its subsequent expression and display 
on phage surface results in connection of the genotype with the 
phenotype [45].The libraries based on coat protein pIII can display 
3-5 copies of the peptide, whereas the pVIII libraries can display 
upto 2700 copies of the short peptides. As per the classification of 
Smith, type 3 system represents a phage display system where all 5 
copies of pIII are transcribed from a phage vector carrying a single 
fusion gene. When the phage vector carries both the recombinant 
and wild type pIII genes, the system is known as 33 system. A 3+3 
system is defined as the pIII phagemid system which carries two 
different forms of pIII (recombinant peptide-pIII fusion genes are 
encoded in phagemids, while wild type pIII gene is encoded by a 
helper phage). Similarly, pVIII display systems are referred as 8, 88 
and 8+8 systems [45]. 

 In principle, the gene of interest containing multiple cloning 
sites is ligated with coat protein gene of phage. This is followed by 
transduction which ensures that our gene of interest is delivered 
inside the host bacterium too. When a phagemid vector is used, at 
least some of the mature virions are assembled with our protein of 
interest present in their outer protein coat. The phage has displayed 
the protein and the resultant phage display library can be screened 
for binding to target protein or DNA partners by the process called 
‘Biopanning’ [46]. Biopanning is the most crucial step in setting up 
the phage display experiment. It is based on the affinity of the dis-
played peptide against a desired target molecule, which can be con-
trolled by manipulating the selection and screening conditions. 
During biopanning, the target protein or DNA is immobilized to 
microtitre plate while the phage display library is added and incu-
bated with it [46]. The unbound fraction is washed away whereas 
the bound phages are eluted and enriched. Three to four rounds of 
selection are generally carried out in a biopanning experiment. Fi-
nally, the DNA within the interacting phage is sequenced to identify 
the interaction protein. A two-step selection can also be applied by 
first using biotinylated target immobilized on streptavidin coated 
magnetic beads. After the phage display library is sufficiently incu-
bated with target to ensure binding, the unbound fraction can be 
washed away and the bound fraction can be eluted. This fraction 
can be amplified and selection can be repeated next using panning 
[46]. 

 The main advantage of this technique is the ability to construct 
a library containing as many as 10

10
 variants with differently dis-

played peptide simultaneously. Moreover, phage particles remain 
stable in the extremes of pH and temperatures without affecting 
their bacterial infectivity. It allows experimentalists to use protocols 
with low pH and high urea concentration to isolate phage particles 
that are bound to the target for the next round of biopanning. 

APPLICATIONS OF PHAGE DISPLAY TECHNIQUE 

 Phage display can be put to variety of significant uses. It can 
produce monoclonal antibodies of virtually any specificity and 
hence be put to a therapeutic use in human beings. Moreover, as the 
genetic makeup of the antibody is known, with the gene of ex-
pressed antibody being present within the phage, the genetic and 
functional aspects of antigen specific monoclonal antibodies can be 
better understood. This can lead to better understanding of immu-
nological processes and autoimmunity [47, 48]. Also, the mono-
clonal antibodies produced using phage display can be easily puri-
fied using different protein tags [49]. 

 Phage-display has become a powerful tool for selecting novel 
peptides exhibiting affinity towards a protein or cell membrane. 
Sainath Rao S et al. have used phage-displayed random peptide 
library to identify peptides binding to the cell surface of Es-
cherichia coli [50]. They found that a peptide with sequence 
RLLFRKIRRLKR showed high affinity towards cell surface of E. 
coli [50]. This peptide can permeabilize the outer membrane of E. 
coli as well as Pseudomonas aeruginosa, thereby causing rapid 
depolarization of the cytoplasmic membrane and killing of the cells 
[50]. Using phage display technique, Desimmie et al. have identi-
fied cyclic peptides that inhibit the interaction of LEDGF/p75 with 
HIV integrase (IN) [51]. As LEDGF/p75-IN interaction is crucial 
for the replication of HIV, a potential method to prevent AIDS has 
been envisioned [51]. Short bactericidal peptides that bind to cell 
surface of virulent strains Haemophilus influenza and Campylobac-
ter jejuni have been isolated by subtractive phage display approach 
[52-54]. Phage-displayed peptide library has also been used to 
screen against bacterial magnetic particles isolated from Magne-
tospirillum magneticum coated with a lipid bilayer membrane. The 
isolated peptide was reported to exclusively inhibit Bacillus subtilis 
[54]. Moreover, a combination of panning strategies against the 
hemagglutinin (HA) of H5N1 have been used to identify and isolate 
peptides displaying affinity towards more conserved regions of HA 
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[55]. Peptide inhibitors for an important enzyme in the biosynthesis 
of bacterial cell wall, MurA has been reported by panning against 
the NEB PhD-12 and PhD-C7C libraries using Pseudomonas aeru-
ginosa MurA enzyme [56]. A peptide with consensus sequence 
Cys-Val-His-Ser-Pro-Asn-Arg-Glu-Cys has been identified by San-
schagrin and co-workers as an inhibitor of MBL (L-1) hydrolytic 
activity using phage display and competitive biopanning assay [57]. 
Broad spectrum antibacterial peptide inhibitor of TEM-1 -
lactamase has also been reported using phage display and peptide 
arrays [58]. 

 Fusion peptides displayed by phage have been recently shown 
to differentiate between receptors that are expressed by different 
types of cancer cell lines. This can be an all new approach to treat 
cancer, because the heterogeneous tumor population has long posed 
a problem in proper utilization of targeted anti-cancer drugs [59]. 
Phage display technique can also be used to modify different types 
of nanomedicine structures, whether they are liposomal, micellar or 
nanorods and help in specific delivery of anti cancer drugs [60-62]. 
In vivo phage display has been utilized for even targeting the drugs 
that are systematically given due to the presence of disease and 
organ specific molecular signatures on the blood vessels [63]. In 
fact, the vascular diversity can be explored without any prejudice 
by employing the in vivo phage display. The significance of this 
cannot be more emphasized as the protein based drugs can be easily 
screened in an in vivo environment [64]. 

SIGNIFICANCE AND FUTURE PROSPECTS 

 Since the discovery of penicillin by Fleming in 1929, -lactam 
containing antibiotics have been widely used world over to treat 
bacterial infections [65]. However, the prolonged, extensive and 
non-judicial use of -lactam antibiotics has given an opportunity to 
bacteria to develop resistance. The selection and adaptation of resis-
tant bacterial strains represent an efficient system that can hydro-
lyze any -lactam core containing antibiotics. Thus, the need of the 
hour is to look for non- -lactam molecules and develop them as 
efficient weapon against resistant bacterial pathogens. The screen-
ing of peptide based inhibitors (antibacterial peptides) by phage 
display represents one such alternative approach. The advantage of 
using antibacterial peptides against resistant bacteria is that the 
bacteria will be unable to recruit pre-existing resistance mecha-
nisms. 

 The prerequisite of a molecule to be defined as drug is its abil-
ity to bind its molecular target with a reasonable affinity. However, 
more than 60% of the candidate drug molecules discovered by me-
dicinal chemistry approach do not qualify in the ‘hit-to-lead’ proc-
ess either due to poor affinity towards their target or the failure of 
the finding a druggable biological target. Phage display is advanta-
geous in facilitating the screening of diverse targets to discover 
candidate drug molecules with high potency. It may also be proved 

useful to screen peptide inhibitors against -lactamases that are 
otherwise resistant to -lactam core containing antibiotics. The 
antibacterial peptides may be used as scaffold for further modifica-
tion and production of peptides with better efficacy. Moreover, 
these molecules will be novel to the bacterial defense system and 
hence bacteria will take time to develop new or modify existing 
mechanisms of resistance. Moreover, since all -lactamases share a 
common three-dimensional structure, it is expected that the antibac-
terial peptide screened against -lactamases (binding to the active 
site) of one group will be effective against the enzymes of other 
groups as well. 

LIST OF ABBREVIATIONS 

AMPs = Antimicrobial peptides 

ESBL = Extended spectrum -lactamase  

MBL = Metallo- -lactamase  

NDM-1 = New Delhi metallo-beta-lactamase 1  
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