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Abstract

Nosocomial infection is the main cause of death and increased morbidity 
among inpatients throughout the world. From data conducted by the 
World Health Organization (WHO), it was found that 17 of every 100 
hospitalized patients would present with hospital-acquired infections in 
both developed and developing countries at any given time. Nosocomial 
infections are already in the frame of a pandemic. S. aureus and E. 
coli are the most commonly isolated bacteria causing nosocomial 
infections. Among those giving therapeutic problems are methicillin-
resistant Staphylococci and vancomycin-resistant Enterococci. The need 
for effective novel agents for combat is urgent. The problem is in the 
stage of corrupting the environment, first nearby to healthcare facilities. 
Antimicrobials, focusing on short antimicrobial peptide surrogates, are 
a promising outlet from this grim situation. The use of peptidomimetics 
or synthetic antimicrobial peptidomimetic surrogates, allows one to 
mimic the natural structure by introducing non-natural amino acids. 
In this communication, we present a finding that may lead the chemical 
contribution to the combat. The preference of eradication of Gram-
positive microbes caused by a structural alternation of the peptidomimetic 
backbone. The different cell envelopes architecture of the two sorts of 
bacteria permits the N-methylated 2-oxo-pyrrolidone scaffold and its 
enantiomer to induce conformational changes and to alter the preference 
toward the Gram-positive bacteria. N-methyl amino acid-containing 
peptide inhibits Ab1–40 fibrillogenesis.

Keywords: Antimicrobial Peptide; Cationic Peptides; Gram-Negative 
Bacteria;Gram-Positive Bacteria; Membrane; Methylation; 2-Oxo-
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Introduction    

The spread of multi drug resistant bacteria that are causing nosocomial 
infections is alarming [1]. Many ask the question: “Antibiotic Resistance 
among Gram-Positive Bacteria in the Hospital Setting: What Can We Do 
about It?” It seems that the use of agents from the long list of antibiotics 
is not able to bring remedy to those that got the deadly infection. The 
increase in infections caused by Gram-positive pathogens and the rise 
in antibiotic-resistant bacterial strains has prompted the need for novel 

antibiotics. Recent reports indicate that more than 25% of S. aureus 
infections in Europe are caused by methicillin-resistant S. aureus (MRSA), 
and the majority of these isolates are resistant to additional antibiotics [2].

We examined a possible approach based on antimicrobial peptide(AMP) 
surrogates to suggest aid in such situation [3-5].The rational intend 
strategy based on the presumed mechanism of antibacterial effect was 
adopted to design cationic antimicrobial peptides that are capable of 
binding to the bacterial membrane and disrupt it [6]. 

Surface proteins are critical in determining the identifying characteristics 
of individual bacteria and their interaction with the environment. 
Because the structure of the cell surface is the major characteristic that 
distinguishes Gram-positive from Gram-negative bacteria, the processes 
used to transport and attach these proteins show significant differences 
between these bacterial classes [7]. Proteins and peptides diffusion inthe 
lipid membranes is a key aspect of many cellular signaling processes [8]. 
When those polypeptides reach their goals, their targets could include the 
outer components of the bacteria, composed mainly of lipopolysaccharide 
(LPS) of Gram-negative bacteria and lipoteichoic acid on Gram-positive 
bacteria or intracellular components, and thereby induce the disruption 
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of the bacteria cells [9,10].

The utility of AMPs as potential drugs is nowadays recognized by 
scientists [11]. However, there are a few drawbacks that need the attention 
of investigators: full understanding on how do these AMPs eradicate the 
microbes; understanding the selectivity of different AMPs for mammalian 
and bacterial membranes is of obvious interest in the development of these 
peptides as novel antibac terial agents; design and synthesis of surrogates 
and evaluation of their biological relevance; development new classes of 
selective agents that will allow the eradication of the harming bacteria and 
not harm the microbes that live with us in an essential symbiosis [12,13].

Previously we have reported on surrogates that are designed on the basis 
of privileged scaffolds [14]. The AMP surrogate approach has the potential 
to eradicate the harming bacteria in a nonenzymatic mechanism thereby 
avoiding many drawbacks that the natural AMPs have. For the matter of 
genetics, the unique mechanism in which bacteria are disrupted is not 
influenced by transduction, transformation or cell conjugation. Therefore, 
they could be efficient antimicrobial agent also in cases of (MRSA) or 
Carbapenem Resistant Enterobacteriaceae (CRE) infections. It seems 
that today this approach presents one of the very few options to find and 
develop novel badly needed antimicrobial agents [15]. The initiation of the 
eradication process in all kinds of bacteria starts with the docking of the 
antimicrobial agent and the outer membrane constructing components. 
The idea is that binding bacterialeradicating components to a receptor on 
a cell surface should mimic the onset of an infection [16].  

The AMP surrogates are designed on the basis of a bioactive motif (Lys-
Ala-Ala-Ala-Lys) that is, in a wide range of AMPs, amphiphilic and 
cationic. It proved itself to be a broad spectrum antibacterial which does 
not cause hemolysis of humanerythrocytes. We have discovered this motif 
in the structure of Dermaseptin S4

Experience with eradicating different classes of bacteria teaches us that 
it is more difficult to treat Gram-negative bacteria compared to Gram-
positive. 

Table 1 summarizes the difference between Gram-negative and Gram-
positive cell walls [17]. Gram-negative bacteria generally are less susceptible 
to inhibitors of cell wall synthesis than are Gram-positive bacteria due to 
the presence of external covering around the cell wall. Porin channels are 
present in Gram-negative bacteria which can prevent the entry of harmful 
chemicals and antibiotics like penicillin. These channels can also expel out 
antibiotics making much more difficult to treat in comparison to Gram-
positive bacteria [18].

 The thick cell wall of Gram-positive cells allows them to do better in dry 
conditions because it reduces water loss. The outer membrane and its 
lipopolysaccharide (LPS) helps Gram-negative cells excel in the intestines 
and other host environments.  Gram-positive cell walls consist of many 
layers of peptidoglycan and also contain teichoic acids. Teichoic acids 
bind and regulate movement of cations into and out of the cell, prevent 
extensive wall breakdown and possible cell lysis during cell growth and 
provide much of the cell wall’s antigenicity. The differences between the 
cell walls of Gram-positive and Gram-negative bacteria greatly influence 
the success of the microbes in their environments [19,20].

In this study, we design and synthesized antibacterial pentapeptidessurro 
gates and their enantiomers, which include di-peptide mimic 2-oxo-
pyrrolidone scaffolds 1 and 2, with small changes on the amide back bone 
(N-CH3 and N-H) (Fig 1).  We tried to understand and explain how the 
difference between the cells walls of two classes of the bacteria could 
reflect on activity and selectivity of peptidomimetic analogs that mimic 
the structure of AMPs. 

Methods

Synthesis

The synthesis of the new peptidomimetic compounds consist of two parts; 
a synthesis of the di-peptide analogs 1and 2, and the synthesis of the 
peptidomimetic compounds on the solid phase. Fmoc- protected 2-oxo-
pyrrolidone scaffolds 1 and 2 and their enantiomers were synthesized 
according to known procedure [21,22]. The solid phase synthesis for 
performed by standard procedure, using Rink amid resin. Rink amide 

Table : A summary of the differences between gram-positive and gram-
negative cell walls

Gram-negative Gram-positive Property

10 nm

2

10-20%

-

58%

9%

13%

Less sensitive

Weakly

20-80 nm

1

>50%

+

0-3%

0%

0%

Yes

Yes

Thickness of wall

Number of layers in wall

Peptidoglycan content

Teichoic acid in wall

Lipid and lipoprotein 
content

Protein content
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Sensitive to penicillin
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Fig. 1. 2-Oxo-pyrrolidone di-peptide analogs. 
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resin (0.4mmol) was shaken with Dichloromethane (DCM): N-methyl 
pyrrolidone (NMP) (1: 1), 3 ml, for 24 hours in a Merrifield flask. The 
solvent was filtrated under vacuum, and the resin was treated with 20% 
piperidine inN,N-Dimethyl Formamide  (DMF) (v/v) to deprotect the 
amino groups (2× 10 min). Then the solid was washed five times with 
N-methyl pyrrolidone (NMP and three times with DCM. Positive Kaiser 
test indicated successful removal of the Fmoc protecting group. A solution 
of absolute DMF (3 mL), HATU (4 eq), Fmoc-AA (0.4 mmol), and DIEA 
(3 eq) was added to the resin, and the mixture was agitated for 3 h. During 
the coupling to the secondary amine of the N-methylated scaffold, the 
agitating was performed for 2 h at 40°C and the next coupling step was 
performed twice. At the end of the peptide synthesis, the peptide-loaded 
resin was dried under vacuum for 2 h. The peptide was then cleaved by 
addition of a solution of TFA: H2O: Triisopropylsilane (TIS) (95: 2.5: 2.5, 4 
mL), which turned the solid and the solution deep red. After agitating for 
2 h, the solution was pressed out of the Merrifield flask, vacuum filtered, 
and evaporated under nitrogen. The resulting highly viscous liquid/oil 
was precipitated from cold diethyl ether (6 mL) and lyophilized. The 
surrogates were finally purified by solid-phase extraction pack (RP-18), 
first washed with water and then extracted with acetonitrile. Their purity 
was determined by HPLC (RP-18, CH3CN/0.1% Trifluoroacetic acid 
(TFA) (aq.), 2: 1).

Antibacterial Activity

Gram-positive (S. aureus ATCC 29213) and Gram-negative (E. coli ATCC 
8739) were used for the detection of antibacterial activity of surrogates. 
The peptidomimetic effect on the bacteria cells was evaluated by MIC. 
Bacterial suspensions, grown in Mueller–Hinton broth at logarithmic 
phase, were incubated on microtiter plates at a concentration of 
5x105colony-forming unit (CFU)/mL, with several peptide dilutions – 5, 
7.5, 10, 15.6, 25, 31.3, 50, 62.5, 75, 100, 125, 150, 200, 250, and 300 mg/
mL – for 24 h at 37oC. The MIC was defined as the lowest concentration of 
peptide giving a complete inhibition of visible growth in comparison with 
a peptide-free control well.

Hemolytic Activity

The hemolytic activity of each peptidomimetic compound was tested 
against human red blood cells (RBCs), obtained from healthy volunteers. 
Fresh heparinized RBCs were rinsed three times with phosphate buffered 
saline (PBS) buffer (35mM, 150mM NaCl, pH7.4) by centrifugation 
(10min, 1500 rpm), followed by resuspension and dilution in PBS (10% 
hematocrit). Various concentrations of the peptidomimetics were then 
dissolved in PBS buffer and added to the RBC solution, yielding a final 
erythrocyte concentration of 1% v/v. The suspensions were incubated 
under agitation for 1 h at 37°C, followed by centrifugation (5 min, 
4000 rpm). The release of hemoglobin was monitored by measuring the 
absorbance of the supernatant at 450 nm. Negative controls for zero 
hemolysis and positive controls (100% hemolysis) consisted of RBC 

suspended in PBS and Triton 1%, respectively. The degree of hemolysis 
is defined as the ratio of the optical density (OD) of the peptidomimetic 
sample relative to the OD of the difference between the positive and 
negative controls for hemolysis.

Results and Discussion

One of the fundamental problems of modern biochemistry is the study 
of the chemical structure and the functioning of biological membranes, 
which play a dominating part in the regulation of the molecular and ionic 
transport between the cell and its environment [23]. We carried out a 
comparative experiment designed to examine the effect of N-methylation 
on the eradication of Gram-positive (S. aureus) and Gram-negative (E. coli) 
bacteria and their efficacy [24].N-Methylation is a powerful technique to 
modulate the physicochemical properties of peptides by introducing one 
or more methyl groups into the peptidic amide bonds [25,26]. We used 
a general structure of pentapeptide mimic Lys-X-Trp-Lys-NH2, where 
X is 2-oxo-pyrrolidone scaffolds 1 or 2 that mimic di-peptide structure. 
We used cationic amino acid lysine (Lys) and hydrophobic amino acid 
tryptophan (Trp) to provide those peptidomimeticsamphiphilic structure, 
which is the unique feature of AMPs.

We designed and synthesized pentapeptides AMP surrogates that mimic 
the structure of AMPs and their enantiomers, analogs (L)-3, (D)-3, (L)-4 
and (D)-4 (Fig 2).

Table 2 below reveals an interesting behavior towards the surrogates 3 
compared with 4. Whereas in the Gram-negative bacteria all surrogates 
have the similar activity for eradication, In case of Gram-positive bacteria, 
the analogs with modifiedamide backbone, the N-CH3 analogs 4, had 
better antibacterial activity than the N-H analogs 3. The modification was 
made in the hydrophobic section of the surrogate amphipathic molecules. 
Differences in cell wall architecture between the two classes of the bacteria 
can enlighten the situation (Fig 3 and Table 1)[27].

We can take the attack of a small peptide isolated from honeybees [28], 
apidaecin on bacteria cells as the working hypothesis: The mechanism of 
action by which apidaecins kill bacteria involves an initial “surface state” 
non-specific binding of the peptides to an outer membrane component.  
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Fig. 2. Four peptidomimetic surrogates that were used in this study. 
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This binding is followed by an invasion of the periplasmic space, and by a 
specific and essentially irreversible combination with a receptor/docking 
molecule that may be a component of a permease-type permeability and 
transport system on inner membrane [29]. In the final step, the peptide 
is translocated into the interior of the bacterium where meets its ultimate 
target [30].

Our examination deals with a case where local structural changes in an 
agent alter the venerability of Gram-positive bacteria, whereas the more 
robust Gram-negative bacteria is not affected by this change.

This could result from different transport or resistance parameter in 
the two sorts of bacteria.  Biocides and antibiotics can probably diffuse 
freely across the staphylococcal, Gram-positive wall. Inhibitory and 
lethal concentrations of many of these antibacterial agents are usually 
considerably lower than for Gram-negative bacteria, especially highly 
resistant organisms such as P. aeruginosa, Providenciastuartiiand 
Burkholderiacepacia. As such, staphylococcal cells are unlikely to contain 
a permeability barrier to the free uptake of either biocides or antibiotics 
[18].

Based on extensive study of AMPs mechanism of action, it has been 
confirmed that docking of AMPs with surface proteins takes place during 
the eradication [31-33]. We assumed that in our case the bacteria cell 
envelopes are covered, at firststage of the eradication, with a “carpet” of 
the AMP surrogatesWe presume that the penetration of the molecule into 
thesimilar to other known AMPs, such as polymyxin, defensins, cecropins, 
magainins, and melittin that must cross the outer membrane to reach their 
final target, the inner membrane or cytoplasmic membrane [34,35]. As 
cationic substances, they can be expected to bind to LPS; this binding has 
been demonstrated with defensin and magainin[36].

The cell wall of Gram-positive and the outer membrane of Gram-negative 
bacteria contain anionic lipid molecules. In Gram-positive bacteria, it is 
the lipo-teichoic acid (LTA) and LPS that may compete with the plasma 
membrane for the interaction with AMPs (Fig 3). Not only the cell walls, 
but also the plasma membrane is targets for the AMP or its surrogate. The 
matrix is formed by a phospholipid bilayer differing in the head group 
and fatty acid composition contributes to the mechanistic diversity of 
AMPs against microbial cells [37]. We noticed that the eradication of the 
Gram-positive bacteria (S. aureus) is influenced by the introduction of the 
N-CH3 modification to the molecule, increasing the activity by a factor of 
three. As is in AMPs, chirality is not expected to make any difference in 
the eradications of bacteria. 

The eradication of the Gram-negative bacteria is essentially the same in all 
4 surrogates (Table 2). The changes in the characteristics of the molecular 
introduced by N-methylation do not affect the way the surrogate kill the 
Gram-negative bacteria. In contrast, the eradication of the Gram-positive 

 

 
Fig. 3. Schematic illustration of the relative structure of Gram positive 
(top) and Gram-negative (bottom) cell walls. The major differences lie 
in the thickness of the rigid peptidoglycan layer and in the presence 
of an outer membrane in Gram-negative cells. 

 

Sequence
MIC (μg/mL)

HC50 (μg/mL)
S. aureus E. coli

(L)-3 (L)-Lys-(L)-1-(L)-Trp-(L)-Lys-NH2 100 31.3 >1000

(D)-3 (D)-Lys-(D)-1-(D)-Trp-(D)-Lys-NH2 100 50 >1000

(L)-4 (L)-Lys-(L)-2-(L)-Trp-(L)-Lys-NH2 31.3 62.5 >1000

(D)-4 (D)-Lys-(D)-2-(D)-Trp-(D)-Lys-NH2 31.3 75 >1000

Table 2 : Antimicrobial activity against gram-negative and gram-positive bacteria and hemolytic activity of the AMP surrogates
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is enhanced by this change, (antibacterial activity had increased from 100 
to 31.3 μg/mL.

One of the determining events is the entering the bacterial membrane 
[38]. The membrane disruption by antimicrobial agent involves at least 
three steps[39]. First, the cationic peptide can recognize and coat the 
anionic surface of bacteria. With a classic amphipathic helical structure, 
this cationic peptide prefers to target anionic bacterial membranes. 
Second, the agent binds to the outer membranes and cross the outer 
membrane. Third, the peptide reaches the inner membrane. It initially 
binds to the inner membrane parallel to the surface, which is the basis 
for the carpet model at elevated concentrations; the peptide may disrupt 
the membranes by micellization. Alternatively, the peptide might take 
a vertical position to form a pore. Thetransport ofsolutesthrough to 
riausuallytakesplacethroughspecificactivetransportsystems (for instance 
“wormholes”)thatrequireenergy [40, 41]. The transport of the surrogates 
from the on the outer membrane organized carpet to its destination in the 
inner cell wall is different regarding the two sorts of bacteria.

We presume that the penetration of the molecule into the membrane of 
the bacteria is different in the two types [42]. Whereas penetration of the 
AMP mimics to the Gram-negative bacteria needs a great energetic effort 
due to the crowded situation used by stacking it with membrane proteins 
and lipo-proteins [43], demanding a high energy track for both types of 
the surrogates where the slight change in energy demand is too small 
compared to the overall penetration energy [28]. At any event, there is an 
energy cost for such a membrane deformation needed in the penetration 
of the surrogates into the inner membrane layers [44]. 

Recently, evidence was provided that killing takes place only when bacterial 
cell membranes are completely saturated with AMPs. This condition is 
achieved for all bacteria. However, since the in Gram-negative bacteria 
the outer membrane are crowded, packed with various proteins (up to 
50% of the total membrane weight), compared to only 15% in the surface 
layer in Gram-positive, it demands more energy for saturation in Gram-
negativethan in Gram-positive [27,45] (see Table 1 above).

The introduction of the N-CH3 unit to the pentapeptides surrogates 3 and 
4, stiffens the structure, thereby causes the increase in energetic demand 
for saturation. The fraction of this energy in Gram-negative is smaller 
than in Gram-positive due to membrane packing composition. It is easier 
for the N-CH3to penetrate the outer membrane in Gram-positive bacteria 
and in Gram-negative. Since saturation is achieved in gram positive 
with less energy demands, compared to Gram-negative are eradicated in 
preference.

Conclusions

The Gram-positive bacteria are easier to penetrate since the outer membrane 
is poor in membrane proteins. In such circumstance, small energy changes 
can become significant for the travel of the agent into the outer membrane. 
The N-methylated analogs are less flexible and therefore penetrate easier 

to the inner membrane. Finally, after the surrogates settle in the inner part 
of the outer membrane, theε-amine of lysine unit can “snorkel” out and 
disintegrate the membranes of both Gram-positive and Gram-negative 
bacteria[46]. The interactions of an AMP with the membrane can not be 
explained by a particular sequential amino-acid pattern or motif; rather, 
they originate from a combina tion of physicochemical and structural 
features including size, residue composition, overall charge, secondary 
structure, hydrophobicity and amphiphilic character. Pore formation 
by interaction with cell wall lipidsand the changes in permeability and 
with it the ease of penetration of the AMPs through the forming pores 
is determining the effect on the eradication difference which is a result 
of disruption of the plasma membrane of the bacteria. Moreover, 
interactions with the many components that furnish the architecture of 
the membranes are crucial for antibacterial activity. From our study, we 
conclude that the venerability of bacteria may depend on small structural 
variation in the composition of the biocide.
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